PL-TR--94-1161 PL-TR--
94-1161

TR,

NONLINEAR OPTICS AND DYNAMICS IN
SEMICONDUCTOR LASERS

T. B. Simpson

J. M. Liu

Jaycor Corporation e b
) P L AUBAL 199

P.O. Box 85154
San Diego CA 92186-5154

September 1994

Final Repor 19950810 017

\v
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

“

- DTI8 Quaryry INCPECTEN 5

PHILLIPS LABORATORY

Lasers and Imaging Directorate

AIR FORCE MATERIEL COMMAND
KIRTLAND AIR FORCE BASE;, NM 87117-5776

.
3
7

7, e

4 S




PL-TR--94-1161

This final report was prepared by the Jaycor Corp, P. O. Box 85154, San Diego, CA 92186
under Contract F29601-90-C-0068, Job Order 33260706 with the Phillips Laboratory, Kirtland
Air Force Base, New Mexico. The Laboratory Project Officer-in-Charge was Christopher M.

Clayton (LIDN).

When Government drawings, specifications, or other data are used for any purpose other than in
connection with a definitely Government-related procurement, the United States Government
incurs no responsibility or any obligation whatsoever. The fact that the Government may have
formulated or in any way supplied the said drawings, specifications, or other data, is not to be
regarded by implication, or otherwise in any manner construed, as licensing the holder, or any
other person or corporation; or as conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related thereto.

This report has been authored by a contractor of the United & :es Government, Accordingly,
the United States Government retains a nonexclusive, royalty-free license to publish or reproduce
the material contained herein, or allow others to do so, for the United States Government

purposes.

This report has been reviewed by the Public Affairs Office and is releasable to the National
Technical Information Service (NTIS). At NTIS, it will be available to the general public, including

foreign nationals.

If your address has changed, if you wish to be removed from the mailing list, or if your
organization no longer employs the addressee, please notify PL/LIDN, 3550 Aberdeen
Ave SE, Kirtland AFB, NM 871 17-5776, to help maintain a current mailing list.

This report has been reviewed and is approved for publication.

Chastrm, Clag

CHRISTOPHER M. CLAYTON
Project Officer

FOR THE COMMANDER

CHRISTOPHER J. COULS ANNY /). If(RSON
Lt Col, USAF . Col, USAF
Chief, Laser Systems Division Director, Lasers and Imaging Directorate

DO NOT RETURN COPIES OF THIS REPORT UNLESS CONTRACTUAL OBLIGATIONS
OR NOTICE ON A SPECIFIC DOCUMENT REQUIRES THAT IT BE RETURNED.




September 1994

Form Approved -
REPORT DOCUMENTATION PAGE OMB e et o188
Publie g for thes ot - » 299 | NOUr DEF FOEDONAS. INCRIING e TIMS tor L o) S ests
SHhEnng ans Mmawnswwng the dste and 9 ong g e ot wrior Sond g e o afy iher SeoeNt of the
o 9 SUGH for 9 thes © v Services. O for Oo ] 1218 Jatt
Davie Hghway, Suee 1204. Arlingeen, VA 22202-4302. and w0 the Office of M, a8 Poperwors R Provect (0704-0188), Westwngeon, OC 2080
1. AGENCY USE ONLY (Leave biank) 2 BERGRTDATE 3. BERCHT TYEPAND DATES:COVERED

Jul 91 - Jul 94

4. TITLE AND SUBTITLE
Nonlinear Optics and Dynamics in Semiconductor

Final Report
' 5. FUNDING NUMBERS

6. AUTHOR(S)
T. B. Simpson and J. M. Liu

Lasers C: F29601-90-C-0068
PE: 62601F
PR: 3326
TA: 07
WU: 06

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

JAYCOR
P. O. Box 85154
San Diego, CA 92186

8. PERFORMING ORGANIZATION
REPORT NUMBER

~J211-94-0118/2754

Phillips Laboratory

Lasers and Imaging Directorate

Air Force Material Command

3550 Aberdeen Ave SE

Kirtland Air Force Base, NM 87117-5776

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

PL-TR--94-1161

11. SUPPLEMENTARY NOTES

12s. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release;
distribution unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Semiconductor laser output characteristics, includin
by nonlinear optical interactions. Theory and exper
of laser dynamics gives a consistent and
interaction characteristics of a quantum

-well laser d

haracteristics of the laser. With these
miconductor laser can be quantitatively modeled.
iode, we observe nonlinear dynamics, includin gde

ingle-mode model. The model and experimental techniques used here are applicable to a wide variety of

miconductor lasers.

quantitatively accurate description of the noise and optical

oscillating field of a semiconductor laser and a weak optical probe can be used to determine key dynamical]
characteristics known, the noise spectra of a free-running

g output spectra and dynamics, are strongly influenced
iments are combined to show that a single-mode mode

iode. The nonlinear optical interaction between the

When a stronger optical probe is injected into the lased
terministic chaos, which can be understood with the

14. SUBJECT TERMS
Semiconductor Lasers

15. NUMBER OF PAGES

Four Wave Mixing

Nonlinear Optics

L 24
Nonlinear Dynamics Deterministic Chaos Laser Noise 18. PRICE CODE
Laser Diodes )
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF
OF REPORT OF THIS PAGE OF ABSTRACT < A;asmcr
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED

NSN 7540-01-280-5500

1/1i1

Standard Form 298 (Rev. 2-89)
Pressnbed by ANSI Sta. 239-18




ACKNOWLEDGEMENTS

The authors have benefited from many useful discussions and an ongoing collaboration with
Dr. Chris Clayton, Dr. Tom Gavrielides, and Dr. Vassilios Kovanis of the Nonlinear Optics
Center of the Air Force's Phillips Laboratory. In particular, much of the work in the strong-
injection regime was done in close collaboration with the Phillips Laboratory scientists.

Dr. Kovanis did the numerical calculations discussed in Sections 7.2 and 7.3 and prepared
several of the figures used there. In addition, Mr. Frank Doft provided expert assistance in the
experimental work. The vertical-cavity surface-emitting lasers were provided by Dr. Kai Feng
Huang of National Chiao Tung University, Hsinchu, Taiwan.

1ii/iv




1.0
2.0
3.0
4.0
5.0

6.0
7.0

8.0
9.0
10.0

CONTENTS

Page
SUMMARY ..ottt e e e oo eeeeoeeeeeeeee 1
INTRODUCTION ......oiummmummirnmrmeeseeseeeseeesseess oo oo 3
DYNAMICAL MODEL OF A SEMICONDUCTOR LASER ... 5
EXPERIMENTAL APPARATUS ......oooveeeoeeeeeees oo 8
FOUR-WAVE MIXING AND OPTICAL MODULATION IN A
SEMICONDUCTOR LASER ..o 13
5.1 INTRODUCTION ......cmouuerrmrreneeeeeeeeeeee oo oo 13
5.2 THEORETICAL ANALYSIS ........ocoooivoomme 14
5.3 EXPERIMENTAL VERIFICATION ..o 19
54 LASER PARAMETER CHARACTERIZATION ...~ 25
5.4.1  Principle and Experimental Approach...........o...o.oooooooooo 25
5.4.2  Procedure and Accuracy of Parameter Determination ... 26
5.4.3 Power Dependence and Indirectly Deduced Parameters............ 30
5.5 DISCUSSION ...t 33
NOISE IN A SEMICONDUCTOR LASER ..o 35
RESONANT INJECTION IN THE STRONG SIGNAL REGIME ............. 44
7.1 INTRODUCTION .....comommurrermmremeeeeeeeeeseseeoe oo 44
7.2 PERIOD-DOUBLING ROUTE TO CHAOS ..o 0 46
7.3 PERIOD-DOUBLING CASCADES AND CHAOS..............~"" 49
7.4 DISCUSSION................... et st e aesr e ettt e e ene e s e 54
DETUNED INJECTION IN THE STRONG SIGNAL REGIME ... . 56
VERTICAL-CAVITY SURFACE-EMITTING LASERS ..o 61
CONCLUSIONS.........ccotiemmmnmsmreeene oo eeoess oo 67
REFERENCES.........iuiieeeeeeeeemeene e eeeeeseee e es e eoeoeooeooeoeoeeoeoeoe 69




10 .

11
12
13
14
15
16

17

18

FIGURES

The optical power spectrum of the interaction laser diode when operated
in a free-running condition at an injection current level of 40 mA...............

Low resolution spectra of the side modes of the laser diode at three
different Operating CUrrents ..........coowuvevveeeroeesooveeosesoooo

Phasor diagram illustrating the relationship between the contributing
components and the spectral symmetry or asymmetry of the signals in
the four-wave mixing and optical modulation process .......................___

Spectral characteristics of the regenerative and four-wave mixing fields
and the amplitude and phase modulations as a function of the detuning
A

Typical four-wave mixing spectra from the output of the injected laser......
Experimentally measured and theoretically calculated regeneratively
amplified and four-wave mixing signals from the optical spectral

analysis as a function of the detuning frequency ........coovoreeooo

Experimentally measured and theoretically calculated power signal
as a function of the detuning frequency ...

Representative spectrum of the regenerative reflectivity at a laser output
POWET O 9.2 MW oo

Sensitivity of the regenérative reflectivity spectrum to the value of g/
Sensitivity of the regenerative reflectivity spectrum to the value of b ...
Power dependence of the Square of the resonance frequency.............., ........
Power dependencies of VAN Py e

Log-log plot of the measured values of features in the optical spectra
as a function of the normalized injection, G e

Experimentally measured and theoretically calculated field spectra of -
the laser diode principal mode ......... P e

Experimentally measured and theoretically calculated amplitude
SPOCUR oo

vi

Page




21

22

23

24

25

26

27

28

29

30

31

FIGURES (Continued)

Experimentally measured side mode field spectrum and Lorentzian curve
fit with a half-width half-maximum linewidth of 220 MHz................. .

Optical spectra of a semiconductor laser under optical injection at two
levels in a period-doubling route to chaos ........v.veooeoo ceterrennenens

Numerically obtained bifurcation diagram of the extrema of the
normalized optical field amplitude, a(?), versus the normalized injection
level, &, showing the period-doubling route to chaos «..........evvoeooo

Variation of the resonance frequency as a function of the injection
L

Numerically calculated bifurcation diagram of the extrema of the
normalized optical field amplitude, a(z), versus the normalized injection

L O '

Measured power optical spectra of the quantum well laser under optical
injection at six levels of injection POWET ittt

A mapping of the regions of different laser dynamics as a function of
injection level and detuning ..............eeeeeeeeemeeemmeseeesroosoooooo

Calculated changes in the amplitude noise spectra of a single-mode laser,
where the dominant noise source is spontaneous emission, due to stable
injection locking by an external laser whose frequency is tuned so that

.............................................................................................................

Measured changes in the amplitude noise spectra in the vicinity of the
free-running relaxation-resonance peak, due to stable injection locking
by an external laser whose frequency is tuned so that the amplitude of

the noise spectra is minimized et et et

The frequency spacing between the two orthogonally polarized modes
as a function of injection CUITENt....uu..vvveeeeeeeoseeerseeoooo

Relative output powers of the two polarization components, and single-
polarization operation, as a function of injection current ............oooovevnnn..

The linewidths of the lowest order spatial modes as a function of
INJECHON CUITENE ..covvveeeeeeceeereeeessesesseeeee oo oo

The low frequency microwave spectra of the output of the VCSEL when
detected by a fast photodiode ...ue.....vvenveeeemeeeesesso P

vii

Page




FIGURES (Continued)

Page
The frequency of the resonance due to polarization switching as a
function of the injection current .ovvoovvovooooooeeee 65
The dependence of the resonance peaks observed in the microwave
spectra, regardless of polarization mode of operation, as a function of
the INJECHON CUITENE ococvvoveeeeeeeeeveeeesessseeeeseemmmmeosesse s 65

viii




1.0 SUMMARY

Semiconductor lasers have many important technological applications and are often used as a test
structure for models of the operation of laser oscillators. External optical signals can change the
output characteristics of the semiconductor laser through the nonlinear interaction of optical
fields within the laser cavity. This work attempts to present a consistent picture of the nonlinear
optical interactions within a free-running laser diode and one subject to near-resonant external
optical injection. We concentrate on measurements and modeling of a nearly single-mode,
quantum-well laser diode but our techniques can be applied to a wide variety of laser structures.

The phase and amplitude characteristics of nearly degenerate four-wave mixing in a
semiconductor laser are studied. This type of interaction occurs when the injected signal is
sufficiently weak that a linearized dynamical model can be used to describe the optical
interaction. There is a direct connection between nearly degenerate four-wave mixing in a
semiconductor laser and optical small-signal modulation in the laser field. It can be understood
using a model of an unlocked, optically injected laser which emphasizes the effect of the laser
resonator on the optical interactions. This model correctly describes the observed spectral
characteristics and their dependence on the intrinsic parameters of the semiconductor laser. This
is used to develop a simple and accurate technique using a single experimental setup for the
parasitic-free characterization of the intrinsic laser parameters, including the relaxation resonance
frequency, the total relaxation rate, the nonlinear relaxation rate, and the linewidth enhancement
factor. Other parameters, such as the spontaneous carrier lifetime, the photon lifetime, the
differential and nonlinear gain parameters, and the K factor,'are determined from the power
dependencies of these parameters. This technique requires only two continuous-wave (cw) lasers
closely matched in wavelength and is applicable to semiconductor lasers of any wavelength and

any dynamic bandwidth.

Exploiting similarities in the nonlinear optical interactions underlying the noise and external
optical modulation spectra in laser diodes, we quantitatively model the noise spectra of a nearly
- single-mode laser diode. Two types of nonlinear optical mixing are prominent. The first
involves the nonlinear interaction between the spontaneous and coherent fields in the oscillating
mode. The second is the scattering of the coherent field by the carrier fluctuations induced by
the amplified spontaneous emission in the weak side modes. '

Experimental measurements and a single-mode analysis of the quantum-well laser diode when it
is subject to resonant, strong optical injection are combined to demonstrate that the diode follows




a period-doubling route to chaos. All laser parameters used in the model, including the influence
of spontaneous emission noise, were experimentally determined based on the four-wave mixing
technique. The transition to chaos can be used to reduce the uncertainty in the value of one of
the model parameters, the linewidth enhancement factor. The laser diode exhibits chaotic
dynamics over a bounded range of injection levels. As the chaotic regime is approached from
both lower and higher injection levels, it follows the period-doubling route to chaos, though the
route is largely obscured by spontaneous-emission noise. A new, bounded regime of period-
doubling occurs for injection levels well above the region of chaotic dynamics. Further, at
injection levels above the chaotic region, optical injection strongly modifies the carrier-field
resonance coupling frequency. The single-mode model, including spontaneous emission noise,
displays the dominant characteristics of the optical spectra.

The nonlinear dynamics induced by external optical injection are a strong function of the
frequency difference between the injecting and interaction lasers as well as the optical injection
level. There is a complicated mapping of the dynamics as a function of frequency offset and
injection level. At all injection levels, however, there is a range of injection frequencies where
the interaction laser can be frequency-locked (with good stability characteristics) to the injection
laser. In this region of stable injection locking, the laser displays improved modulation

characteristics relative to its free-running conditions.

Finally, we present preliminary measurements of the noise characteristics of a vertical-cavity
surface-emitting laser, including novel spectra induced by rapid, spontaneous polarization
switching of the optical output. These results point to the fact that many new phenomena can be
expected when the semiconductor laser operates with more than one strong output mode.




2.0 INTRODUCTION

Nonlinear optical interactions in a variety of material systems have been inveStigated for
applications in optical communications, optical signal processing, and coherent propagation of
high-intensity laser beams. In many applications, the ideal nonlinear optical material has a fast
response time and a low threshold for nonlinear optical interaction. This combination has proven
to be elusive in bulk materials. Low threshold materials, such as the photorefractive crystals,
have a slow response time. To achieve the hi gh optical intensities required in many nonlinear
materials, the use of waveguides to achieve high intensities over long optical interaction lengths
has been proposed. This has led to a wide range of material systems being used in waveguide

configurations.

One of the most interesting results was achieved in one of the most technologically important
waveguide systems, the semiconductor laser or laser diode. Nakajima and Frey were the first

to report the observation of the generation and amplification of signals through nonlinear optical
interactions in a Fabry-Perot laser diode [Refs. 1, 2]. They observed generation of conjugate
signals through four-wave mixing in the laser diode. These signals were more than a factor

of 103 stronger than the input signal. Early theoretical efforts attempted to explain the nonlinear
interaction that induced these signals by concentrating on the spatial nature of the interaction
[Refs. 3, 4]. Agrawal was the first to describe the i mmportance of the modulation of the carrier
density, but his model only qualitatively explained the data [Ref. 5]. Another early model
concentrated on the temporal dynamics of the interaction rather than the spatial interaction. This
model achieved better, though still only qualitative, agreement with the data [Ref. 6].

In a previous report, we described our initial observations of the phase and amplitude
characteristics of the signals generated by the nonlinear opncal interaction [Ref. 7]. Before that
time, the experimental data consisted primarily of data on-the magnitude of the optical spectra of
the generated signals. We noted that, under some circumstances the nonlinear optical interaction
led to an almost pure phase modulation of the output of the semiconductor laser under
investigation. This result could not be explained by the spatial interaction model.

At the same time, we realized that there was a striking similarity between the four-wave mixing
spectra and the noise spectra of a free-running laser diode [Ref. 8]. Semiconductor lasers have
been extensively studied as a test system for understanding the fundamental noise properties of
laser oscillators [Ref. 9]. The noise spectra of laser diodes have been generally modeled by
concentrating on the temporal rather than the spatial nature of the interaction. Due to the




coupling between the free carriers and the optical field in a laser diode, the noise spectra do not
exhibit a simple Lorentzian line shape [Ref. 8]. Modeling of diode operation has successfully
explained the qualitative features of the noise spectra [Refs. 10, 11].

This report describes our studies of the nonlinear optical interaction in laser diodes and the
importance of the nonlinear optical coupling to both the generation of four-wave mixing signals
and the generation of the noise spectrum of a free-running laser. We also show how the
nonlinear optical coupling can lead to full, nonlinear dynamics, including deterministic chaos,
under appropriate conditions. The report is divided into several parts.

In the next section, we describe our dynamical model of the operation of a semiconductor laser
under the influence of external optical sources and noise sources. It is a model which
concentrates on the temporal nonlinear coupling of the optical field and the free carriers, the gain
medium, of the semiconductor laser. We then describe the experimental apparatus used to test
the model. Our apparatus appears to be unique in that we are able to make measurements which
separately quantify the phase and amplitude characteristics of the generated signals. We do this
by simultaneously monitoring both the optical spectra and the power spectra of the signals that
arise from the nonlinear optical interaction. Under appropriate conditions, the nonlinear
dynamical equations can be linearized to describe the effect of a weak external optical signal on
the output of a laser diode, Section 5.0. Through this interaction, key dynamical parameters of
laser operation can be determined. In fact, all of the parameters necessary for a comparison of
the full nonlinear model with an operational laser can be determined in this weak injection

limit. We next use these parameters to similarly model the noise spectrum of the laser diode.
Section 7.0 describes the dynamics that result under strong, resonant optical injection. A
bounded region of chaotic dynamics is observed. Section 8.0 describes key findings of the
nonlinear interaction and dynamics under strong, near-resonant optical injection. Section 9.0
describes some preliminary measurements made on a novel laser, the vertical-cavity surface-
emitting laser (VCSEL). These are initial findings on work that is still in progress. Finally, we
draw some conclusions and su ggestions for future work.




3.0 DYNAMICAL MODEL OF A SEMICONDUCTOR LASER

In a variety of laser systems, a set of coupled equations for the complex oscillating field and the
inversion density describes the nonlinear dynamics. An isolated, single-mode laser of this type,
such as a semiconductor laser, is sufficiently described by only two rate equations, one for the
photon density and another for the carrier density [Refs. 12, 13]. When the laser is coupled to
the outside world and subject to external sources, such as spontaneous emission noise or external
optical signals, an equation for the complex, oscillating electric field must replace the simpler
equation for the photon density. Over the past three years, we have developed a model for
semiconductor laser operation which describes the dynamics of a nearly single-mode laser diode.
This model draws strongly on past work describing the noise spectra of semiconductor lasers,
injection-locking in semiconductor lasers, and the effects of weak external optical feedback. It is
based on coupled equations for the complex field and the carrier density,

A% = ——Z—"A +i(wp - wg)A +€(1 ~ib)gA+nAe ¥ + Fy, )
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where A is the total complex intracavity field amplitude at the free-oscillating frequency ay, w,
is the longitudinal-mode frequency of the cold laser cavity, I' is the confinement factor, b is the
linewidth enhancement factor, g is the gain coefficient, 4; is the complex amplitude, Q2 is the
detuning of the injection signal, F sp 1S the spontaneous emlssmn Langevin noise source and is
assumed to have a correlation time short compared to yc [Ref. 10], N is the carrier density, Jis
the injection current density, e is the electronic charge, d is the active layer thickness, 7; is the
carrier lifetime, and n is the refractive index of the semiconductor medium.

For Equations 1 and 2 to apply, it is assumed that the semiconductor laser can be modeled as a
single-mode system. All spatial effects are contained in the conﬁnement factor, I, and all
interacting optical fields are assumed to be confined to the same spatial mode. The gain, g, and
the linewidth enhancement factor, b, relate the complex field and the polarization induced by the
free carriers which make up the gain medium [Ref. 5],

2 .
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This relation between P and the complex field assumes that the polarization adiabatically follows
the field [Ref. 12]. .

The exact functional dependence of the gain on parameters such as the carrier density and optical
fields is unknown, but it is important to consider the gain coefficient 8&(N, §) as a function of the
carrier density and the intracavity photon density, S. Therefore, we make the assumption that the
gain can be modeled perturbatively about an operating point determined by the injection current,
J, carrier density, Ny, and field amplitude, Ap, when there are no external optical sources or noise
sources present, and

2n2£0 2
= . 4
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In this model, the characteristics of the spectra generated by the nonlinear optical interaction can
be directly connected to many fundamental parameters of the laser diode, such as the relaxation
resonance frequency, the total relaxation rate, the nonlinear relaxation rate, and the linewidth
enhancement factor. The total relaxation rate, ¥ of the laser has contributions from the carrier

relaxation and the differential and nonlinear gain parameters [Refs. 13, 14]. It can be written as
Yr=Ys+¥at¥p )

where % = 1/7; is the spontaneous carrier relaxation rate and 4, and ¥ are relaxation rates
contributed by the differential and nonlinear gain parameters, respectively. While % 1s a constant
at a given carrier densit_y, Ya and %, are proportional to the intracavity photon density through the _
following relations: '

: dg Jg
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Yn=8n N Ny ana 'y, 8p ER N (6)

where g, and 8p are the differential and nonlinear gain parameters defined as the derivatives of
the gain coefficient, g, with respect to the carrier density and the photon density, respectively,
evaluated at the operating point. The relaxation resonance frequency, £2,, depends on these

parameters through the following relation:

172 . '
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All modeling in the following sections is derived from this basic model and these definitions.
Additional assumptions required to apply to the different limiting conditions that we have
experimentally explored are detailed in the different sections. Here, we conclude with two
points. First, the external optical signal and the spontaneous-emission noise source are treated in
a very similar manner by the model. Second, because the optical field is complex, there are
really two equations, one for each of the two quadrature components, or equivalently, for the
amplitude and the phase, embedded in Equation 1. Therefore, the semiconductor laser subject to
optical injection contains the three dynamical degrees of freedom that are necessary but not
sufficient for the observation of deterministic chaotic dynamics [Ref. 12).



4.0 EXPERIMENTAL APPARATUS

There is voluminous literature describing measurements of spectral characteristics of
semiconductor lasers. To relate the observed spectra to models of semiconductor laser dynamics,
measurements concentrated on determining what parameters needed to be included in the model
to reproduce the observed spectral features. Early measurements focused on the Lorentzian line
shape of central peak in the output spectrum. From these measurements, the importance of the
linewidth enhancement factor, b, was deduced [Ref. 9]. Measurements of the intensity spectrum
showed that the laser gain had to be a function of both the carrier density and the circulating
intensity [Ref. 15].

Most of the measurements have been performed to extract the.qualitative nature of the spectra
and were not accurate enough to make a precise quantitative comparison with theoretical models.
Recently, there has been considerable effort directed towards a more precise determination of the
key model parameters from the measured spectra [Refs. 13, 14, 16]. All of these studies
concentrated on either the optical or the amplitude spectra of the laser diodes and, therefore, were
not able to determine key parameters without additional estimates of the semiconductor laser
properﬁes. One of the key features of our work is the quantitative comparison of theory and data
without this need for additional assumptions. Therefore, details of the experimental apparatus

and technique that we used are important.

The laser diodes used for the bulk of this work were two Spectra Diode Labs (San Jose, CA)
SDL-5301-G1 single transverse and nearly single longitudinal mode GaAs/AlGaAs quantum-
well lasers. These laser diodes have a cavity lehgth of 500 pm and coated end facets with
nominal reflectivities of 2 0.95 for the rear surface and < 0.04 for the output coupler. Both

lasers were temperature and current stabilized. To bring them to near-degenerate operating
frequencies, the temperature was adjusted for gross frequency changes and then the current was
adjusted for fine tuning of the frequency offset f. Overlap of frequencies could be achieved over
a limited range of operating conditions for the two lasers. The laser used as the interaction laser
could be operated at currents from 32 to 50 mA, corresponding to output powers from 4 to

15 mW. The threshold current was 23.3 mA and a linear light versus injection current level was
measured. The pump parameter, J, is defined as the difference between the operating current
and the threshold current, normalized to the threshold current. It followed the relation J =
0.078P. Here, P is the output power in milliwatts. The lasers were overlapped at wavelengths of
827.5 to 827.7 nm. The wavelength was measured using a wave meter. |




A typical optical spectrum of the principal mode, measured using techniques described next, is
shown in Figure 1 along with a calculated Lorentzian line shape curve. The central linewidth is
calculated to be 10 MHz, full width at half maximum. The exact value of the linewidth is
unimportant for the spectral shape at offset frequencies greater than ~ 100 MHz. There is
significant deviation of the optical spectrum from the Lorentzian line shape in the wings. These
are the relaxation resonance features [Ref. 8]. Though the laser diode operates on one principal
mode, with ~ 90 percent of the total output power, there are many weak side modes. Figure 2
shows spectra taken with a 0.5 m Spex scanning monochrometer. No single side mode is
dominant and the spectrum shifts with injection current.

Figure 3 shows the experimental setup for our key measurements. In most measurements, the
output of one laser diode (LD1), the master or injection laser at a frequency v;, was passed
through an acoustooptic modulator where a fraction, on the order of 10 percent, of the beam was
deflected and shifted in frequency by 80 MHz. The shifted beam at Vi + 80 MHz was used to
probe a second laser (LD2), the injected or slave laser, oscillating at vp = ay/2x. Thus the
frequency offset f= £2/2ris given by Vo + f= v; + 80 MHz and can be changed by varying v;.
By frequency shifting the injection beam in this way, the unshifted beam from the master laser

90 — \'\--

-4E+09  -2E+09 OE+00 2E+09 4E+09
Frequency Offset (Hz)

Figure 1. The optical power spectrum of the interaction laser diode when operated-in a
free-running condition at an injection current level of 40 mA. ‘Also shown is a
calculated Lorentzian line shape using a 10-MHz linewidth.

9




8
7
@ 6
§5;
g 4 L R
34
8,50
521
m 1 .....
. |
-1 ; 4
826.4 827.4 828.4
‘Wavelength (nm)
(a) Current =32 mA
8 -
7T N S
26
g 5 : ~ S
g4t ‘
\_‘“., 3 T - -
52
a1 -
0
Al | \
826.4 8274 828.4
Wavelength (nm)
(b) Current = 40 mA
8 -
f
7 I- e .
:@ 6 J_ ,,,,, SR —_—
€ 5- - |
o 4 - !
'g) R —
01
-1 |
826.4 827.4 828.4

Wavelength (nm)
(¢) Current = 48 mA
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Figure 3. Schematic diagram of the experimental setup.

could be used as a local oscillator for heterodyne measurements. Optical isolitors, with ~ 60-dB
isolation, were used to avoid mutual injection and to reject back-reflected light from any
components in the optical path. When very high injection levels were required, the acoustooptic
modulator was removed and the steering mirror was moved into the main path of the master
laser. In this configuration, the injection laser could not be directly monitored and could not be
used as a local oscillator for heterodyne detection. Removal of the acoustooptic modulator did
not lead to noticeable feedback effects on the master oscillator,

The output of both lasers could be monitored using both optical and microwave/radio-frequency
spectrum analyzers to measure both the optical field and amplitude spectra. Measuring both
spectra simultaneously allowed us to distinguish between amplitude and phase modulations of
the output of the injected laser. The amplitude spectrum was obtained by detecting the output of
the injected laser with a fast photodiode of 7 GHz frequency response and displaying the
photodiode signal on the spectrum analyzer. To separate the amplitude signal of the principal
oscillating mode from the weak side modes, an etalon with a free spectral range of ~ 400 GHz
and a finesse of ~ 20 was placed in front of the fast photodiode. The optical spectrum could be
measured in two ways. The direct measurement used a Newport SR-240C scanning Fabry-Perot
which has a free spectral range of 2 THz and a finesse.of greater than 50,000, giving an optical
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frequency resolution of about 40 MHz. Alternatively, the unshifted beam from the master
oscillator could be mixed with the signal beam from the slave laser. The microwave spectrum
analyzer was then set at a fixed offset frequency. Setting the offset frequency to 80 MHz, and
sweeping the injection frequency by varying the bias current to the master laser, we measured a
heterodyne spectra of the optical signal from the slave laser generated at the injection frequency.
Alternatively, the injecting beam could be blocked and the microwave spectrum analyzer could
be set to some convenient frequency, typically ~ 5 GHz, and the heterodyne measurement
yielded an optical spectrum of the free-runnin g slave laser. This latter measurement technique is

a variant of the measurement technique used in Reference 13.

Depending upon the specific experiment, beam blocks were inserted or removed to allow either,
or both, of the two lasers to pass to the detection apparatus and allow the master laser to nject
light into the slave laser. Data from the optical spectrum analyzer were recorded using a
Tektronix 7854 digitizing oscilloscope while the microwave spectrum analyzer, a Tektronix 495,
included digitization. Data files were downloaded onto a personal computer for further analysis.

While the experimental configuration shown in Figure 3 has allowed us to make a variety of
precise measurements on semiconductor lasers, it does have limitations. For our work, the most
significant was the difficulty achieving frequency overlap between the master and slave lasers.
Temperature and current allow considerable control of the lasers but they do not provide
continuous control of the frequency. This problem can be overcome by using one of the tunable,
external cavity semiconductor lasers that have recently become commercially available. We also
found that some care had to be exercised with the current biés conditions of the two lasers. '
Specifically, the master laser had to be operated much farther above threshold than the slave
laser. This was required to keep the noise spectrum of the master laser from influencing the
measurements of the slave laser. This problem can also be overcome by using one of the
external cavity semiconductor lasers. These lasers have much reduced noise spectra relative to
conventional, edge-emitting Fabry-Perot lasers.
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5.0 FOUR-WAVE MIXING AND OPTICAL MODULATION IN A
SEMICONDUCTOR LASER

5.1 INTRODUCTI

Many interesting phenomena, such as injection locking, four-wave mixing, and chaotic behavior,
can be observed when a semiconductor laser is injected with an external optical signal under
different conditions. When the injection signal is weak and is outside of the injection-locking
frequency range, a four-wave mixing signal can be observed while the injection signal

is regeneratively amplified [Refs. 1,17]. Ina traveling-wave semiconductor laser amplifier,

a four-wave mixing signal as strong as the output of the amplified injection signal can be
generated [Ref. 17]. In a Fabry-Perot laser cavity, these signals are enhanced by the resonant
effect of the laser cavity in addition to the amplifying effect of the laser gain medium. Earlier
attempts to include the effects of the cavity in the theoretical description [Refs. 3, 6] failed to
correctly reproduce the spectral characteristics of the signals. In particular, the asymmetry in the
spectrum of the regeneratively amplified signal and the differences between that and the
spectrum of the four-wave mixing signal were not recognized. These analyses also failed to
make correct connections between the experimentally observed spectral characteristics and

various parameters of the laser oscillator.

In an unlocked, driven GaAs microwave oscillator, parametric sidebands can be generated and
the output spectra also appear to be asymmetric. This has been reported and theoretically
explained using an unlocked oscillator model by Stover [Ref. 18]. Recently, we showed that the
spectral characteristics of nearly degenerate four-wave mixiﬁg in a semiconductor laser can be
correctly described using a model of an unlocked, optically injected laser which takes into
account the phase and amplitude constraints imposed by the laser resonator on the optical

fields [Ref. 19]. In this section, we show that the same process can be understood in terms of the
amplitude and phase modulations in the laser field induced by the injection signal. We make
connection between the optical modulation and the four-wave mixing signals and study in detail
the symmetry and asymmetry of their spectra. From the dependence of the characteristics of
these spectra on the intrinsic laser parameters, the four-wave mixing experiment can be used for
parasitic-free characterization of many important laser parameters, such as the relaxation
resonance frequency, the relaxation rate, the differential and nonlinear gain parameters, the
linewidth enhancement factor, and the carrier and photon lifetimes. We also show here the -
simplicity and accuracy of this characterization technique. Throughout this section, we consider
the nondegenerate injection of a weak signal at an angular frequency wp + Qinto a single-mode
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semiconductor laser oscillating at wy = 27vy with a frequency offset £2 = 2xf outside of the
injection-locking range. This is the limit where Equations 1 and 2 can be linearized and the

noise source term can be ignored.

5.2 THEORETICAL ANALYSIS

The output field of the injected laser consists of spectral components at the free-oscillating
frequency ay, the injection frequency at wyp +£2, and the four-wave mixing parametric frequency
@ - 2. From the viewpoint of regenerative amplification and four-wave mixing, it can be

mathematically described by

E()= A(t)e ™' 4 .. (8)
with

Alt)=Ag+ Ae™™ ¥ + A 9)
wherele is the steady-state field amplitude at the oscillating frequency wp, and A, and A f ar;e the

complex amplitudes of the regene'ratively amplified and four-wave mixing fields, respectively.
Alternatively, it can be described by

E(t)= Eo[] + 0 cos(Qr - (pI)]cos[a)Ot +8cos(r - qoz)] (10)
as a field undergoing both amplitude and phase modulations, where
6=0e'? and &= 5e'92 (1)

are the complex amplitudes of the amplitude and phase modulations, respectively. The two
pictures are connected through

A * A* i * : ‘
&= ’A0+2fA0 and &= 2% ?fA" (12)
40| 40|
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or

A_.‘ A A . .
A _0-id and _f*_=0’+l5. . (13)
A 2 2 -

Thus, both A, and A s have contributions from both the amplitude and phase modulations of the

laser field.

The physical origin of the four-wave mixing, or optical modulation, process is the carrier
pulsation in the semiconductor gain medium caused by the beating between the mixing optical
fields. In a single-mode semiconductor laser, the spatial gratings are not important and the
process is solely contributed by the temporal pulsation of the carrier density at the beat
frequency [Refs. 5, 19]. To the first order, the carrier density can be expressed as

N(t)=Np+ Nje ¥ 4 Njei2 | ' (14)

where Ny is the steady-state carrier den.sity without perturbation and N, is the amplitude of the
carrier pulsation.

To reveal the physical mechanisms involved in the process, we first use Equations 2 and 14 to
obtain

G . o (15)

This indicates that the carrier pulsation is caused by the amplitude fluctuation of the total optical
field in the laser cavity. When Q — 0, N 7 and & are out of phase by m. This means that the
induced carrier pulsation acts to reduce the amplitude fluctuation in the laser field caused by the
optical injection. As a result, the amplitude modulation decreases drastically as 2 — 0. In the
small detuning range very close to degeneracy where |Q] < £,, the four-wave mixing spectra are
contributed primarily by the phase modulation. :

Using Equations 9 and 15 to solve Equation 1, we have

(16)




Ar i [1+ib Q2-iQy, w, -
A(; Q 2 7c_7p \

From Equation 12, we further obtain

. 2_.

g=t| L2y IV, mAr | (18)
Q2 Ye=7Yp N Ay

. i 2%2-i0 N

§=L|p T "Tp IN, 74 | (19)
Q YemYp S %)

These relations show the various physical components of contribution to the regeneratively
amplified and four-wave mixing signals, as well as those to the amplitude and phase modulations
of the field. The factor

Qr?—'iQYp FN]
7c"7p )

(20)

G(Q) =

appears in all four relations and is the gain caused by the carrier pulsation. This can be easily
seen from the fact that when the nonlinear gain coefficient is negligible so that =0,

G = guI'N;. In a semiconductor medium, a change of gain by G is always accompanied by a
change of refractive index by bG. Thus, an amplification of the amplitude modulation by G is
accompanied by an amplification of the phase modulation by bG. This is seen in Equations 18
and 19. Both amplitude and phase modulations also have contributions from the externally
injected field. In contrast, the externally injected field directly contributes only to the
regeneratively amplified signal at the same frequency, but not to the four-wave mixing signal at a
different frequency. It is only through the carrier pulsation that the external field induces the
four-wave mixing signal. This is seen by using Equétions 15 and 18 to obtain

N] Ye— Yp g_ T]Al (21)

CQ2-Q2+i0y, T A

which can be inserted into Equation 17. The modulation on the laser field at ay by the gain
fluctuation G and the accompanying refractive-index fluctuation bG at Q generates sidebands at
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ayp + $2and @y - 2 with equal efficiency although different phases. Thus, the régéneratively
amplified signal and the four-wave mixing signal both have contributions from G and bG with

equal magnitude but different phases.

The spectral symmetry characteristics of the magnitudes and phases of A,, Af, G, and 5 depend
on the phase relationship between the contributing components. This can be illustrated using a
phasor diagram shown in Figure 4. For the convenience of illustration, we have defined

_ . AR) 1-ib
R(Q)=-iQ i G(Q2)+1, 22)
* . A_;(-Q)__]-l-ib '
F'(Q)=-iQ R G(Q), 23)
3(R)=-iR6=G(Q)+1, | (24)
A(R)=-iR6=bG(Q)+il , (25)

where I = nA;/A¢. Figure 4 shows the various phasors at 2 = Q,and -Q,, respectively. The
phase angle between G(£;) and I has the same magnitude but opposite signs as that between
G(-£2;) and I. Therefore, G is symmetric in magnitude but antisymmetric in phase with respect
to Q = 0, while 6 is asymmetric both in magnitude and phase. For b # 0, both the magnitude
and phase of A, become asymmetric while the magnitude of A;, but not the phase, remains
symmetric. Because b > 0, we expect

> a2 =)o), 26)

which will be verified with the experimental data in the next section.

Using Equation 21, we can obtain the following spectral characteristics from Equations 16 to 19:

2_p2 ; 2
i Q=07 /2-bQy, /2+i(Qy, - Qy, /2~ b2 /2) nA on
Q Q-0 +iQy, 4’ o

A
A,
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and

Figure 4. Phasor diagram illustrating the relationship between the contributing

components and the spectral Symmetry or asymmetry of the signals in
the four-wave mixing and optical modulation process.

2 . 2
n (Q, +b.(2yp)/2+z(b(2, —Qyp)/z A, o8
Q Q% -7 +iQy, Ay’

"=l' Q+l(yr—}’p) nAl (29)
Q-2 +iQy. Ay’ |

éz_i.Qz—_.Qrz—b.QypH(.Qy,-b.Q;?) nA.

. 30
Q Q7 - Q2 +i0y, Ay (30)
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The magnitudes and phases of these spectral characteristics are plotted in Figure 5(a) and (b),
respectively, using the following laser parameters as an example: fr =3 GHz, % =5.5 x 109 51,
W =2.6x109s"1, and b=3. These figures demonstrate the spectral symmetry or asymmetry of
the magnitudes and phases of A,, Af, 6, and § discussed previously. We should emphasize
again that the model assumes optical injection outside of the locking range. The discontinuities
at £2= 0 are always outside of the range of applicability of this model. However, the injection
locking range depends on the intensity of the injection field and can be made arbitfarily small

with a very weak injection field.

Figure 6(a) shows the relative contributions of amplitude and phase modulations in the process
as a function of the detuning frequency. For a detuning frequency less than the relaxation
resonance frequency, the phase modulation significantly dominates the amplitude modulation, as
was expected in the earlier discussions. Near zero frequency detuning, the output of the injected
laser becomes almost purely phase modulated. The relative importance of phase and amplitude
modulations near the relaxation resonance frequency depends strongly on the value of b. This is
because the carrier pulsation contributes to the amplitude modulation directly through a change
of gain G but contributes to the phase modulation indirectly through an accompanying éhange of
refractive index bG. Thus the amplitude modulation is independent of b, but the phase
modulation is a function of b. Figure 6(b) shows the phase modulation spectrum at various
values of b. Incase b =0, the phase modulation is caused only by the beating of the oscillating
laser field with the injection field while the carrier pulsation still contributes to the amplitude
modulation. As a result, its spectrum becomes symmetric with respect to £2 = 0 and loses the
relaxation resonant peaks. For large values of b, the contribution of the carrier pulsation to the
phase modulation strongly dominates that of the beating between the injection and oscillating
fields. Thus the phase modulation spectrum also becomcs less asymmetric as the value of b

increases.

5.3 EXPERIMENTAL VERIFICATION

Nearly degenerate four-wave mixing experiments have been carried out in the weak injection
limit where the injection signal acts only as a perturbation to the injected free-running laser.
Both the optical and power spectra of the output from the injected laser were measured. The
optical spectrum records lAr |2 and | Afl 2, each of which has contributions from both phase and
amplitude modulations. The power spectrum records 02 and thus measures only the amplitude -

modulation [Ref. 19].
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Figure 5. Spectral characteristics of the regenerative and four-wave mixing fields and the
amplitude and phase modulations as a function of the detuning frequency. The
laser parameters used are f, = 3 GHz, % =55x109s"1, ‘}f,, =2.6x10%s1, and
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Figure 6. Importance of phase modulations and the parameter, b. (a) Comparison of the
amplitude and phase modulations as a function of the detuning frequency for
b = 3. (b) Phase modulation spectrum at various values of b. The other laser
parameters and the validity of the model are the same as those in Figure 5.
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We first show in Figure 7 two typical optical spectra of the output from the injected laser. These
spectra were taken with the injection signal having an approximately constant intensity but with
the detuning frequency, f, having opposite signs. In both spectra, the regeneratively amplified
injection signal and the four-wave mixing signal are equally and oppositely offset from the
oscillating frequency, vg, of the injected laser. Comparing the two spectra, it can be seen that
the four-wave mixing signal is symmetric as a function of detuning on both sides of the
oscillating frequency, but the regeneratively amplified injection signal exhibits a strong
asymmetry, being stronger on the lower frequency side with f<0. As discussed earlier and
indicated in Equation 26, the four-wave mixing signal is actually stronger than the regenerative
signal when f<O0. This is not seen from the height of the peaks of the spectrum in Figure 7(b)
because the four-wave mixing signal has a broader linewidth than the regeneratively amplified
signal. The broadening in the linewidth reduces the peak amrlitude in the measured spectrum.
To make absolute comparison of the four-wave mixing and regeneratively amplified signals, the
measured peak values have to be scaled by the respective linewidths. This has been pointed out
and demonstrated by Hui and Mecozzi [Ref. 20]. In the spectra shown in Figure 7, the measured
linewidth of the regeneratively amplified signal was limited by the 40 MHz resolution of the
scanning Fabry-Perot. We measured the linewidth of the four-wave mixing signal to be 1.6
times the instrument-limited linewidth of the regeneratively amplified signal. Thus, the true
strength of the four-wave mixing signal in absolute comparison to that of the regenerative signal
is the measured peak amplitude in Figure 7 multiplied by a factor 1.6. Figure 8 shows the
spectra of the measured regeneratively amplified signal and four-wave mixing signal as functions

- of the detuning frequency f. The data of the four-wave mixing signal have been uniformly scaled
by a factor 1.6 with respect to those of the regeneratively amplified signal to account for the
difference in their linewidths. As can be seen, the spectrum of the four-wave mixing signal is
symmetric. In contrast; the regeneratively amplified signal has an asymmetric spectrum. It is
stronger than the four-wave mixing signal on the low-frequency side but is weaker on the high-
frequency side, consistent with the prediction of Equation 26.

The data in Figure 8 were taken with the injected laser operating at a constant output power level
of 7mW and a constant optical injection level of 10 nW while scanning the detuning frequency.
At this injection level, the injection locking range was observed to be < 100 MHz on both sides
of the spectrum. Therefore, all the data were taken well outside the injection locking range. The
corresponding power spectrum was taken simultaneously under the same operating conditions.
The measured power spectrum as a function of the detuning frequency is shown in Figure 9. The-
power spectrum 1s symmetric with respect.to the zero detunin g, as is expected from the
discussion in the previous section. As is also shown in Figure 8, the optical spectrum data of
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Figure 7. Typical four-wave mixing spectra from the output of the injected laser. The
injection signal is offset with respect to the oscillating frequency of the laser.

23




1.5

05 r

Optical Spectral Intensity (A.U)

Frequency Offset (GHz)

Figure 8. Experimentally measured and theoretically calculated regeneratively amplified
, and four-wave mixing signals from the optical spectral analysis as a function of
the detuning frequency. The closed and open circles are the experimentally
measured data for the regenerative and four-wave mixing signals, respectively.
The solid and dotted curves are theoretical fits with ¥, =2 x 109 s-1 and 0,
respectively. Other parameters used are f, = 2.55 G 2, % =4.55x 109 s-1, and
b =3.5. The injection locking range is < 100 MHz on both sides of the spectrum.
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Figure 9. Experimentally measured and theoretically calculated power signal as a function
of the detuning frequency. The closed circles are experimentally measured data:
The solid and dotted curves are theoretical fits with %, = 2 x 109's-1 and 0,
respectively. Other parameters used are f, = 2.55 G z, % =4.55x 109 51, and
b =3.5. The injection locking range is < 100 MHz on both sides of the spectrum.
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both the regeneratively amplified and four-wave mixing signals can be fitted by the theoretically
predicted spectra of 'IA,I 2and [A fl 2 given by Equations 27 and 28, respectively. Similarly, the
power spectrum data shown in Figure 9 can be fitted with 02 obtained from Equation 29. The
data in Figures 8 and 9 are best fitted with f; = 2.55 GHz, % = 4.55 x 109 s-1, P=2x 109 s-1, and
b=3.5.

5.4 LASER PARAMETER CHARACTERIZATION

From the previous discussions, it can be seen that the spectral data measured in a four-wave
mixing experiment directly depend on the fundamental laser parameters of fr, ¥, ¥, and b. In
addition, other laser parameters, such as the carrier lifetime, 7, and the photon lifetime, 17, can
be determined from the power dependencies of these parameters. Thus, the four-wave mixing
experiment can be developed into a simple technique for accurate characterization of many

intrinsic laser parameters [Ref. 21].

5.4.1 Principle and Experimental Approach

The optical spectra do not sensitively depend on ¥p- This is demonstrated in Figure 8 where the
theoretical fits of the optical spectrum data with ¥ =0and % =2 x 109 s-1 (but with the values
of other parameters fixed) are compared. The same comparison is made for the power spectrum

in Figure 9.

The power spectrum data cannot be fitted by a model without a nonlinear gain parameter,

ie., % =0, but are best fitted by a nonlinear model with % =2 x 107 5! caused by gain
saturation. The power spectrum is sensitive to the value of Y. particularly at small detuning
frequencies less than +1 GHz. Thus, the power spectrum is needed for deducing the value of -
In contrast, the value of b can only be determined from the asymmetric optical spectrum of the
regeneratively amplified signal. The power spectrum does not depend on the parameter b.

2
o 1+b° » as shown with Equation 28, the optical spectrum of the four-wave

Because IA f,
mixing signal is symmetric and its spectral shape does not depend on b, either. For the purpose
of characterizing the laser parameters, it is thus only necessary to take both the optical spectrum
of the regeneratively amplified signal and the power spectrum. The optical spectrum of the four-

wave mixing signal is not needed.
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Because it is not necessary to monitor the four-wave mixing signal, the scanning Fabry-Perot
optical spectrum analyzer is not needed. The beam block B2 was inserted in the experimental
setup shown in Figure 3. The spectral characteristics of the regeneratively amplified signal were
measured by heterodyne detection with LD1 acting as local oscillator while the beam block B]
was removed from the optical path of v;. This measures the regenerative reflectivity spectrum

given by
12

Q% - Q2 72-bQy /2)2+(.(2y ~Qy,/2-bQ? /2)2
r 14 r 14 r (31)

(@2 -—.(2,2)2+.(22y,2

|

i

which can be obtained from Equation 27. For this measurement, the spectrum analyzer was set
at 80 MHz with a bandwidth of 10 kHz to record the beat signal generated by mixing of the
outputs from both lasers. The power Spectrum was measured by simply blocking the main
output from LD1 by inserting the beam block B1 and allowing only the output of LD2 into the
fast photodiode. This measurement records o2 given by

L]ﬁz QZ+(7r‘7p)2

Wl oo (32)

O'2=

In our experiment, vy of LD2 was held constant while a linear current ramp was repetitively
applied to LD1. This swept v; for the detuning frequency fto vary continuously at a constant
rate over a range of negative and positive detunin g, such as from -6 to +6 GHz. Thus, both
spectra were easily taken as functions of J. The spectra were then corrected for the slight change
of the output power of LD1 caused by the linear current ramp.

5.4.2 Procedure and Accuracy of Pai'ameter Determination

In using the spectral data to deduce the characteristic laser parameters, we first fit the
regenerative reflectivity data with Equation 31 to determine the values of Jfr» %, and b. In this
process, the value of ¥ can be assumed to be zero, or any reasonable guess, without affecting the
accuracy of the values of the other parameters. Once the values of f;, %, and b are determined, 17
is the only free parameter left in fitting the power spectrum data with Equation 32. It can thus be
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determined with very little uncertainty. In addition, the high-frequency portion of the power
spectrum also provides a check on the values of f; and % determined from the regenerative
reflectivity data. With this approach, the values of these parameters can be determined quite
accurately without the knowledge of %. This is an advantage over the existing techniques, which
require a separate measurement of ¥, before the value of ¥p can be determined [Refs. 13, 16].
Indeed, the value of % can be determined from the power dependencies of f;, ¥, and -

A representative regenerative reflectivity spectrum taken with the heterodyne measurement is
shown in Figure 10, together with the theoretical fitting curves using Equation 31. The
corresponding power spectrum is shown in Figure 11, together with the theoretical fitting curves
using Equation 32. These data were taken when LD2 had a constant output power of 9.2 mW
under a dc injection current of 40 mA and was injected with an injection signal of ~ 20 nW.
Again, the injection locking range was < 100 MHz on both sides of the spectrum. The power
spectrum is symmetric with respect to zero detuning; only one side of the spectrum is needed
for the characterization of laser parameters. As can be seen, the values of fr=3GHz, 4=55x
109 s-1, and b = 3 can be deduced from fitting the regenerative reflectivity spectral data without
the knowledge of the value of Tp- From the power spectrum, the value of B =2.6x109s1

can be determined. Figure 11 shows that the high-frequency portion of the power spectrum at
f>2 GHz becomes very insensitive to the value of % but depends primarily on f, and %. Itis
evident that the valuc; of f; and % determined from the regenerative reflectivity data are well
checked out from the close fit between the theoretical curve and the experimental data of the

power spectrum.

The parameter characterization procedure described has a very high degree of accuracy. The
values of fr, ¥, and ¥, can be determined to within 5 percent accuracy, but the value of b is less
accurate. As shown from Figure 11 and with Equation 32, using the parameters described above,
the power spectrum peaks almost exactly at f;, although the regenerative reflectivity spectrum
peaks at a frequency about 98 percent that of fr. Figure 12 demonstrates that a 10 percent
change in the value of ¥ creates substantial discrepancies between the theoretical fit and the
experimental data in the regenerative reflectivity spectrum. Figure 13 shows that & can be
determined only to within an accuracy of plus or minus one.
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Representative spectrum of the regenerative reflectivity at a laser output
power of 9.2 mW. The open circles are experimental data taken with
heterodyne measurement. The solid and dashed curves are theoretical fits with
% =2.6x10%s-1 and 0, respectively, but with fixed values of =3 GHz, % =5.5
x10%s-1 and b = 3. The injection locking range is < 100 MHz on both sides of
the spectrum. : : :
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Representative power spectrum at a laser output power of 9.2 mW. The open
circles are experimental data. The solid and dashed curves are theoretical fits

with %, = 2.6 x 109 s-1 and 0, respectively, but with fixed values of f; = 3 GHz,
and % = 5.5 x 109 s"1. The injection locking range is < 100 MHz.
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Figure 12. Sensitivity of the regenerative reflectivity spectrum to the value of ¥%. The
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open circles are experimental data. The dashed, solid, and dotted curves are
theoretical fits with % = 6, 5.5,and 5x 10951, respectively, but with fixed
values of f, = 3 GHz, B =26x10%s1,and b =3. '
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Figure 13. Sensitivity of the regenerative reflectivity spectrum to the value of b, The

open circles are experimental data. The dashed, solid, and dotted curves are
theoretical fits with b = 2,3, and 4, respectivelgy, but with fixed values of
fr=3GHz, % =55x10%s1, and % =2.6x 1091
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54.3 wer Dependen nd Indirectlv D Parameter

By taking a series of spectra at various levels of output power, P, of LD2, the power
dependencies of the laser parameters can be obtained. Figure 14 shows the power dependence
of the square of the resonance frequency, from which we obtain f ,2 =0.954P GHz2, or

.Q,Z = 37.66P GHz2, where P is in milliwatts. The data in Figure 15 show that both % and 1
have a linear power dependence and are best described by % (1.458 + 0.435P) x 109 s-1 and =
0.28P x 109 s-1, respectively, where P is in milliwatts. In contraSt, the value of b deduced from
the regenerative reflectivity spectra taken at different power levels showed no power dependence
and was found to be =3+ 1. From the intercept at P = 0 of the linear fitting of 9% shown in
Figure 15, a y; = 1.458 x 109 s-1, corresponding to a carrier lifetime of 7, = 686 ps, was obtained.
Thus, from Equation 5, we have Yo =0.155P x 109 51, where P is in milliwatts, Using Equation
7, the value of v, = 2.4 x 1011 s-1 was deduced, which gives a photon lifetime of 7, = 4.2 ps. Let
us assume that the output coupler is the dominant source of cavity losses, use the design cavity
length of 500 um, and assume an effective index of refraction of 3.5. We can then calculate that
this cavity lifetime is associated with an output coupler reflectivity of 0.06, which is similar to,
but somewhat higher than, the design reflectivity of < 04 for this laser diode. Using the para-
meters of the laser structure, we have S = 6 x 1013P, where S is in inverse cubic centimeters and
P is in milliwatts. From the power dependencies of 7, and ¥ and using I" = 0.4, the differential
and nonlinear gain parameters can be determined from Equation 6 to be g, = 2.6 x 10-6 cm3 s-1
and gp =-1.18 x 10-5 cm3 s-1, respectively. The K factor of the laser is given by K = (y; - ys)/ f,2
and its nonlinear component by K = W/ f,,2 [Ref. 16]. Using the data shown in Figures 14 and
15, we obtain the values of K = 0.45 ns and Ky =0.29 ns for this laser. This laser was not
designed for high-frequency applications.

Table 1 summarizes the parameters and their values. Also included in the table is the pumping
parameter, J, which is the difference between the current required to achieve a given output
power and the threshold current, normalized to the threshold current. This parameter is
important in the full nonlinear analysis described later. Knowledge of the value of 1 1s not

-required in our parameter characterization procedure, 1 always appears in combination with the
external injection signal and, therefore, cannot be iridependently determined.

Before proceeding to a general discussion, we quantify the limits of applicability of the
perturbation model we are using. This model makes the basic assumption that the injected
signal does not significantly modify either the frequency or amplitude of the free-running peak -
of the semiconductor laser. Due to the inherent frequency jitter between our two lasers, we
concentrated on measurements of the amplitudes of the central peak and the two side peaks.
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Figure 14. Power dependence of the square of the resonance frequency. The closed circles
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Table 1. Parameters of the quantum-well laser diode.
Parameter Symbol Value*

Laser Output Power P 410 15 mW
Pump Parameter J 0.078P
Intracavity Photon Density S 6 x 1013P cm-3
Confinement Factor r 0.4
Injection Coupling Rate n 2x 1011 -1
Linewidth Enhancement Factor b 31
Relaxation Resonance Frequency fr (0.954P)12 GHz
Relation Resonance Angular Frequency Q, (37.66P)112 x 109 s-1
Total Carrier Relaxation Rate W (1.458 + 0.435P) x 109 -1
Spontaneous Carrier Relaxation Rate s 1.458 x 109 s-1
Spontaneous Carrier Lifetime Ts 686 ps
Differential Carrier Relaxation Rate i 0.155P x 109 s-1
Nonlinear Carrier Relaxation Rate Y 0.28P x 109 -1
Cavity Decay Rate Ye 2.4x 1011 -1
Photon Lifetime T 4.2 ps
Differential Gain Parameter &n 2.6x 106 cm3 s-1
Nonlinear Gain Parameter 8p -1.18 x 10-5 cm3 s-1
K factor K 0.45 ns
Nonlinear X factor Ky 0.29 ns

* The laser power, P, in the values of the power-dependent parameters is in milliwatts.

Figure 16 plots the central peak, regenerative amplification, and four-wave mixing signals as a
function of the injection signal. All signals are normalized to the free-running central peak
value; the injection signal was detuned to the low frequency relaxation-resonance peak. The
injection parameter, £, is defined as (nj4;]/ YelAol) and is calibrated by taking the measurement
at § =~ 8 x 104 as the reference point and using Equations 27 and 28. The figure shows depletion
of the central peak and deviation of the nonlinear mixing signals when the signal strength is

2 0.02 of the central peak. All measurements were below this Limit. "
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Log-log plot of the measured values of features in the optical spectra as a
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signal, for the central peak, regenerative-amplification sideband and four-wave

mixing sideband, respectively. The solid line gives the slope expected in the
weak injection limit for the two sidebands.

5.5 DISCUSSION

Nearly degenerate four-wave mixing in a semiconductor laser with the injection signal outside of

the injection-locking range can be understood in terms of optical modulation in the field of the

injected laser. Both the regeneratively amplified and the four-wave mixing signals have

contributions from the amplitude and phase modulations of the laser field. The phase and

amplitude characteristics of the optically modulated laser diode cannot be recovered with a

model using the traveling-wave formalism which emphasizes the spatial interaction. Instead, a

model of an unlocked, optically injected laser is used to emphasize the phase and amplitude

constraints imposed by the optical resonator. This results in a thorough understanding of the

spectral characteristics of the interaction, as well as the. physical origins of the symmetry or

asymmetry of each spectrum. It also correctly connects the spectral characteristics to the

intrinsic parameters of the semiconductor laser oscillator.
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The dependence of the spectral characteristics on the laser parameters can be used as a simple
and accurate technique for characterizing the intrinsic laser parameters. This technique is
parasitic-free. It is only necessary to take the regenerative reflectivity spectrum and the power
spectrum. We showed that the power spectrum, which measures the amplitude modulation and
has usually been ignored in the previous four-wave mixing experiments reported in the literature,
is needed for characterizing the nonlinear relaxation rate. The fundamental laser parameters of
relaxation resonance frequency, total relaxation rate, nonlinear relaxation rate, and linewidth
enhancement factor are determined from the spectra data obtained from a single experimental
setup. Other parameters, including the spontaneous carrier lifetime, the photon lifetime, the
differential and nonlinear gain parameters, and the X factor, are determined from the power
dependencies of these parameters. This technique depends on the understanding of the relation
between four-wave mixing and optical modulation in the lase and is possible only after this
connection is made. It requires only two cw lasers closely matched in wavelength. It is
applicable to semiconductor lasers of any wavelength and any dynamic bandwidth.
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6.0 NOISE IN A SEMICONDUCTOR LASER

Though there has been a great deal of work examining the noise spectra of laser diodes, there has
not been fully consistent, quantitative agreement between theory and experimental data. In a
recent combined experimental and theoretical study, it was concluded that the observed field
noise spectra could be reproduced with a model of a strictly single-mode laser diode with
spontaneous emission into the mode supplying the only noise source [Ref. 13]. In this data
fitting, however, the values of several parameters had to be determined from the same data
without independent verification, and the amplitude, i.e., intensity noise, spectra were not
measured. Other experimental studies have indicated that even weakly emitting side modes of a
nearly single-mode laser diode can have a significant influence on the amplitude spectrum of the
oscillating mode [Refs. 22, 23]. This noise source, called mode partition noise, has been
previously analyzed in the limit of one strong mode [Refs. 24, 25, 26]. These calculations
indicated that the amplitude noise spectrum of the oscillating mode is greatly enhanced, relative
to the single-mode case. However, they predicted that the overall amplitude noise from the
output of all modes would be similar to that from a strictly single-mode laser diode whose only

noise source is spontaneous emission into the oscillating mode.

Here, we show how a laser diode's noise spectra, away from line center, can be related to the
modulation spectra generated by weak external optical injection, away from the injection-locking
region [Refs. 19, 21]. The dynamic parameters of the laser diode required for a description of the
weak external injection are also required to correctly model the noise spectra. Also, it is
necessary to measure both the optical field and amplitude spectra in both cases. An external
optical source modulates the diode output through the nonlinear optical coupling between the
injected signal and the oscillating mode. The noise spectra generated by spontaneous emission
into the oscillating mode will have the same shape as the combined regenerative-amplification
and four-wave mixing spectra induced by optical injection. Using our previous results on the
phase and amplitude properties of the modulation induced by optical injection [Ref. 21], we
observe significant deviation of the noise spectra from this combined spectra. The deviations can

~be explained by including a colored noise term in the carrier density rate equation. Finally, we
show that the source of this colored noise term is the amplified spontaneous emission of the .
weak side modes of the laser. Our results demonstrate that the nonlinear coupling between the
principal oscillating mode and amplified spontaneous emission into both the principal' mode and
the weak side modes is the dominant source of noise in a nearly single-mode laser diode.
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As with the weak optical injection results described in the last section, we will be using a
perturbation analysis of the noise spectra. Therefore, we restrict our attention to frequencies
offset by at least 200 MHz, well outside of the ~ 10 MHz linewidth of the laser diode.

Typical field and amplitude spectral data are shown in Figures 17 and 18, respectively. The _
spectra show side peaks which are known to occur at approximately the relaxation resonance
frequency [Ref. 8]. These side peaks are more than 30 dB below the central peak in the field
spectra. A key feature of the field spectra is the asymmetry of the side peaks, which is also
observed in the regenerative amplification spectra of an optically injected signal [Ref. 19]. In the
latter case, however, the relative difference between the side-peak signals is more than twice as
large as that in the noise spectra. At offset frequencies below ~ 1.5 GHz, there is a strong
difference between the amplitude spectra of the principal moc> and the total diode output.
Above 1.5 GHz the two sets of data overlap so that only one is shown in Figure 18. The
principal mode has an amplitude noise spectra which strongly increases with decreasing offset
frequency, while the amplitude noise from all modes continues to decrease.

In Section 5.0, we performed a linearized analysis of the coupled Equations 1 and 2, by using the
solutibn, Equation 9, for the regenerative amplification and four-wave mixing componénts.' For
the analysis of the noise Spectra, we use an equivalent linearization procedure. which more
closely follows past work [Refs. 10, 13]. Equations 1 and 2 are linearized, the injection term is
set to zero, and the complex field equation is separated into two real equations for the amplitude
and phase. It is convenient to use A(r) = Ag[1+ a(t)]ei¢(t ) and N (1) = No[1+7(r)]. After
separating out the time-independent terms that are the solution with the noise source term set to
zero, the linearized equations can be written as

da _ Yc¥n - Freal
—_—= - h—Y,a+ , 33
dt 2y Tp Ap >

F.

B pf Letn oy g )y Fimas (34)

dr 2yJ Ay

di . 7 |

-Et-z—-(ys + Y )A =2y J (1-y—p]a+Fc : (35)
c
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Figure 17. Experimentally measured and theoretically calculated field spectra of the laser
diode principal mode. The open circles are experimentally measured data.
The dashed and dotted curves are model calculations of the field and effective
carrier noise contributions, respectively. The thick solid curve is the sum of
the two.
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Figure 18. Experimentally measured and theoretically calculated amplitude spectra. The
circles are experimentally measured data taken with an etalon passing only the
principal mode. The triangles are data taken with the etalon removed. The
dashed and dotted curves are model calculations of the field and effective
carrier noise contributions, respectively. The thick solid curve is the
combination of the two.
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Most of the parameters have been previously defined. Their values, determined by the four-wave
mixing technique, are summarized in Table 1. The complex Langevin source term of Equation 1,
Fgp, is divided into F, sp = Freal + iﬂmég. The real effective carrier noise is F,. Spontaneous
emission is the cause of the field noise and has been previously shown to have uncorrelated real
and imaginary components and an effective delta-function self correlation in time [Ref. 10]. The

spontaneous emission noise components satisfy

(Freal (I)Freal (t,)) = <szag (t)Fimag (t,)> = '%“p'a(t ~t') (36)

<Freal (t)Fimag(t,» =0 (37

where Ry, gives the rate of spontaneous emission into the mode. The characteristics of F, will be

discussed in greater detail next.

The Fourier transforms of the set of equations are used to find the resulting spectra. The field
spectra are related to the Foutier transform of [a(z) + i¢(¢)] and the amplitude spectra are related
to the Fourier transform of a(). This procedure is equivalent to saying that the noise terms only
weakly perturb the system which breaks down for Fourier components whose offset frequency is
very close to the cw, steady-state oscillating frequency. Separating the terms into the field noise
source generated term, Agp, and the carrier noise source generated term, Ac, by assuming that the
carrier noise source is uncorrelated with the spontaneous emission into the oscillating mode, we
find

2 (@f+2%2)1+ b?)/2+[22 - 2+ y,(y, + )l —bTyp(.QZ -07)+ y,.Q,z].Q R,y

92[(92—9,2)2+sz,2] ) 2
(38)
2 2,2 2
A =2 (1) (Fl@r@), (39)

(@? —Qf)2+.(22}',2

where /¢ is the Fourier transform of F,. The field noise generates an asymmetric spectra due to

the linewidth enhancement factor, b.
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Also, as with external optical injection, the noise-induced fluctuations can be considered as
amplitude and phase modulations of the coherent signal. The amplitude modulation coefficient,
o, for the two noise sources will have the spectra '

2 2
O’fp= Q +(752+ Yn) Rs;; ’ (40)
(@2-a2) + 2%y 245

O_g= F2g3/4
2
(92—9,2) + Q%2

(Fl@ri@). (1)

The field-noise contribution to the amplitude spectra, O'fp, is identical to that derived for optical
injection by an external source [Ref. 19]. In the field spectrum, its contribution, Equation 38, is
identical to the sum of the regenerative amplification and four-wave mixing signals that occur
under optical injection [Ref. 19]. This is because the spontaneous emission is, effectively, a
weak external optical source in the approximations of this model. By comparison with external
optical injection, the noise spectra due to spontaneous emission arise from the nonlinear optical
interaction between the principal mode and the injected spontaneous signal.

Because the characteristic parameters of the laser have been independently determined using an
external optical source, we are constrained in our choice of parameters to fit the measured
spectra. The only free parameters are the relative contributions from F and F, and the spectral
shape of F¢. As can be seen from the dashed curves in Figures 17 and 18, the measured data
cannot be explained by considering only the spontaneous emission noise in the principal mode.
Careful analysis of the amplitude noise data shows that the additional noise in the principal

mode can be fit with a carrier noise source with a simple Lorentzian frequency profile,
(F@)F, (@)= (2% +2? )—1, where Z/27 must be between 200 to 300 MHz to simultaneously
fit both the amplitude and field data. '

Carrier shot noise would have a white source spectrum, like the spontaneous emission noise, and
the noise spectra it produces are calculated to be too weak and of the wrong spectral shape to
account for the measured spectra. We have also determined that the carrier noise does not have
its source in the current source or bias circuit characteristics of the laser diode. However, the
noise strongly depends on the partition of laser power among the modes. By examining several
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laser diodes with various levels of side mode emission, we observed a direct correlation between
the relative power in the side modes and the strength of the low frequency noise on the principal

mode.

We have measured the total power in the weak side modes to be < 10 percent of the total output.
Therefore, the side modes will have only a small impact on the saturation parameter, Y- The
place in the coupled equations where the sides modes will have the strongest influence is in the

carrier density equation. Equation 2 becomes

dN J N 2en? 2
—=—————£(8lAI2+nglel J 42)
0 'Y

when the side modes are explicitly included. The subscript x labels the various side modes. The
weak side modes generate an effective carrier noise term, F¢ in Equation 35, with a bandwidth
determined by the linewidth of the side modes. This can be seen by considering that, now,

each of the side modes must be modeled by an equation similar to Equation 1. The complex
amplitude for the side modes can be separated into amplitude and phase components, '
Ax(t) = Ago[1+ ax(t)]eiq)"(t ). The stronger side modes have a measured power between 0.1 and
1 percent of the principal mode power. The linearized equations for the amplitude spectra of

these side modes can be simplified to

F
dax' - ‘58;(0;( + K real - (43)
dt x0

where gy = g - gx, the difference between the gain of the principal mode and the side mode x;
and Fx is the spontaneous emission source term for that mode. When these equations are Fourier
transformed, they yield the appropriate noise source term (F¢) in the carrier equation if the
linewidths of the side modes, given by 6g x> can be approximated by an effective average value
of Z2n.

Limited by the tuning range of the second laser, we have measured the field linewidth of two of
the stronger side modes of the laser using the optical-injection technique. One spectrum is
shown in Figure 19, along with a Lorentzian curve fit assuming Z/2n = 220 MHz. The other
mode had a similar linewidth. Though the effective linewidth from all of the modes is not
necessarily the same as the linewidth of the modes measured, these should be representative. We
have used 220 MHz in the calculated curves in Figﬁres 17 and 18. The data fit is excellent.
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Figure 19. Experimentally measured side mode field spectrum (open circles) and
Lorentzian curve fit (solid curve) with a half-width half-maximum
linewidth of 220 MHz.

We observe residual additional noise in the amplitude spectrum, above the spontaneous emission
model curve, when the total diode output is measured. Again, a carrier white-noise source has
the wrong spectral shape to simultaneously fit both optical field and amplitude spectra. Side
modes described by Equations 42 and 43, and other models [Refs. 25, 27], also do not account
for this noise due to the negative correlation between the total amplitude and carrier fluctuations
in models with a homogeneous gain spectrum [Ref. 27]. Very weak side modes which are not
well correlated with the principal mode, due to inhomogeneous effects in the gain spectrum, can
account for the additional noise [Refs. 28, 29].

In our model we have ignored noise source terms in the carrier density equation that do not arise
from field source terms. Some of these terms are correlated with the spontaneous emission field
noise term [Refs. 9, 30, 31]. Including these terms in the carrier equation is the way that
spontaneous-emission noise is differentiated from external noise sources. In the so-called shot-
noise-limited regime, these sources can have a significant impact on the type of spectra we
measure [Refs. 30, 31]. These noise terms do not significantly contribute to the spectra that we
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measure because we are operating far from this noise limit. This is because we are operating at
relatively low pump parameters,0.25 < J < 1, and due to the presence of the poorly correlated
side modes. Under these operating conditions, the field noise components generally dominate
the carrier noise components due to the shape of the spectra.

In our measurements, the nonlinear gain in the principal mode and the mixing between the
spontaneous emission into the mode and the oscillating field account for the dominant noise
contribution to the field spectrum. This noise is augmented by mode partition noise, which is
much more important in the amplitude spectrum. While the mode partition noise enters into the
single-mode model as a carrier noise source term, it is important to remember that the side mode
emission is amplified spontaneous emission. The principal mode sees a fluctuating refractive
index due to the fluctuating side mode intensities. Therefore, the nonlinear optical interaction of
the principal mode field scattering off of the fluctuating refractive index generated by the
amplified spontaneous emission into the side modes creates the additional noise.
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7.0 RESONANT INJECTION IN THE STRONG SIGNAL REGIME

71  INTRODUCTION

Chaotic dynamics in optical systems is the subject of considerable current research

[Refs. 32, 33]. Laser diodes have attracted considerable interest, not only for their wide range of
applications but, also, for the study of fundamental laser dynamics. Due to their small size and
large gain, free-running semiconductor lasers have an optical spectrum that is largely determined
by the fundamental spontaneous emission noise into the oscillating mode [Ref. 9]. Like a variety
of laser systems, an isolated, dc-biased, single-mode semiconductor laser is sufficiently described
by only two rate equations (Class B lasers); one for the photon density and another for the carrier
density [Refs. 10, 12]. Consequently, while this system can show nonlinear oscillatory
dynamics, it cannot exhibit chaotic behavior. To induce chaos in such a system, a third degree of
freedom (such as external optical injection to cross-couple the phase and amplitude of the -
oscillating field or pump modulation to induce additional dynamics in the gain medium) is
needed [Ref. 12]. Early theoretical and experimental investigations of lasers under external
optical injection showed a variety of unstable dynamic phenomena but did not consider a range
of parameters relevant to semiconductor laser diodes [Refs. 12, 34-36]. It has been predictéd
more recently that external optical injection into a laser diode can lead to chaos through the
period-doubling route, though the experimental evidence has been ambiguous [Ref. 37]. Laser
diodes provide a technologically important system to study both high-speed nonlinear dynamics
and fundamental noise processes in lasers. Further, they can be used to test the utility of laser
dynamics models in the strongly nonlinear regime. However, because of the very short time
scales (subnanosecond) on which the dynamics occurs, it is difficult to measure the time-
dependent behavior diréctly. Fourier measurements must be combined with model calculations
to extract information about the properties of the nonlinear dynamics in these fast dynamical
systems [Refs. 37-39].

To perform numerical simulations using the coupled-equation model, we use a set of three real
equations in a form which explicitly shows the dependence on specific laser parameters which
can be experimentally determined in the weak injection limit [Ref. 38]:

da _ 1| 7.7, . 2 y ’
—E-E[;—si"—n—yp(Za+a ):,(1+a)+ na; cos($2t+ ¢)+ F /|Ag| (44)




FII
do_ b 7’0711- yp(20+ 2) na; sin(Qt+ )~ F” /|Ag| , 5)
dt 'ys I+a
%:—nﬁ— 7,,(J+a)2fi-— ysf(Za+a2)+1;/—73.7(2a+a2)(1+a)2 . (46)
C

Here, a = (|A]-|4p|) /|Ag| and a; = |Ai|/|Ag|, where |A] is the amplitude of the slave laser
oscillating field, [A| is the free-running, steady-state field amplitude, and |A;] is the amplitude of
the injection field. The frequency offset of the injection laser from the free-running frequency
of the slave laser is Q and ¢ is the phase difference between A and A. Inn= (N No)/ Ny, N is
the carrier density and Ny is the steady-state carrier density of :he free-running laser. Langevin
source terms for spontaneous emission noise injected into the laser mode are F’ and F”

[Refs. 10, 40). To be explicit, (F’ = Froy) cos § = Fipgg sin ¢) and (F” = Fyoy sing +

Fimag cos ¢). The dependence of F’ and F” on ¢ can be accounted for in the rapid uncorrelated
nature of the noise source fluctuations. Other parameters are defined in Section 3.0. All input
parameters required to numerically solve the set of coupled differential equations for a, ¢, and A
can be experimentally determined. Equations 33 through 35 are the linearized versions of
Equations 44 through 46 with a; = 0.

The coupled equations were numerically integrated, and the resulting time series were Fourier
transformed, for various injection levels. Noise and dynamic parameters of the laser were
independently determined by the four-wave mixing experiment [Refs. 21, 40], and Q was set
equal to zero to model optical injection at the free-running frequency. In the experiments, the
master laser was tuned to the free-running oscillation frequency of the slave laser. Residual
offsets, due to frequency jitter between the two lasers, were < 100 MHz. The slave laser is
injection locked, but the dynamics are not necessarily stable under such injection [Ref. 41]. The
master laser's central linewidth was significantly less than the linewidth of the free- -running slave
laser. Further, at all but the highest injection levels considered here, its noise spectra, away from
the central peak, was significantly weaker than the spontaneous emission by the slave laser into
its oscillating mode.

To determine the injection level, we calibrated the system by measuring the four-wave mixing
spectrum in the weak injection limit and used our previously developed model of the interaction
to compare the generated sideband signal with the central peak [Refs. 19, 21]. The normalized
injection level is & = (17|Ai|)/ ()'C|A0I) The injected power is proportional to £2.
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7.2 PERIOD-DOUBLING ROUTE TQO CHAOS

First, we present experimental evidence that strong optical injection into a laser diode from a
master laser operating at the free-running oscillation frequency of the laser diode is sufficient to
drive it into a chaotic regime through a period-doubling route. Experimentally observed features
are demonstrated using a single-mode injection model [Ref. 19] which includes spontaneous
emission noise [Ref. 40]. All parameters required for the model are listed in Table 1, allowing a
quantitative comparison between experimentally measured spectra and the predictions of the
model. We have found that the transition to chaos can be used to reduce the uncertainty in the
measured value of the linewidth enhancement factor of the laser diode.

Figure 20 shows two typical spectra of the principal mode of the slave laser. The frequency is
relative to the free-running frequency or, equivalently, the injection frequency. In Figure 20(a),
£=17x102and £=2.6 x 10-2in Figure 20(d). When taking these spectra, the slave laser was
operated at an output level of 9 mW, where its free-running relaxation resonance frequency is
Jr=2.9 GHz. When the optical injection is increased beyond the weak injection limit for stable
injection locking, it first causes unstable oscillation of the laser at the resonance frequency.

The relatively narrow peaks in the spectrum of Figure 20(a) are separated by a frequency spacing
of fr and are typical features of highly unstable injection locking [Ref. 41]. For injection levels
with & £ 1.2x 102, the optical spectrum contains very little output except in these narrow

peaks. As the injection level is further increased, broad features appear in the spectrum between
the narrow oscillation peaks, as is seen in Figure 20(a). At even higher injection levels, the
spectrum becomes dominated by a broad pedestal and many strong secondary peaks develop
(Figure 20(d)). At this stage, chaos is fully developed, as will be demonstrated by comparison
with calculated spectra. We have also observed that as the laser is driven into the chaotic region,
the average oscillating power in the principal mode decreases by as much as 36 percent while the
overall output is approximately constant. The power is spread among several of the weak side
modes.

Two sets of calculated optical spectra were obtained at injection levels similar to the
corresponding experimental spectra shown in Figure 20. The spectra in Figures 20(b) and (e) are
calculated with no spontaneous emission noise term in the field equations, while the spectra in
Figures 20(c) and (f) include a spontaneous emission noise source. The positions of the
computed peaks appear at the same frequencies as the corresponding experimental peaks.
Relative strengths of the computed peaks are consistent with the experimentally obtained spectra
when noise is present, though there is some discrepancy in the details of the different peaks.
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Figure 20. Optical spectra of a semiconductor laser under optical injection at two levels
: in a period-doubling route to chaos (a)-(c): £=1.7 x 10-2 and (d)-(f): _ .
£=2.6x 102, (a) and (d) are experimentally measured spectra, (b) and (e) are
numerically calculated spectra with no noise sources present, and (c) and (f)
are calculated spectra with noise sources present. The parameters used in the
calculations were experimentally determined using the four-wave mixing
technique. Shading under the curves is a visual aid only.

The period-doubling features are most evident in the deterministic spectra, Figure 20(b). A
principal difference between the two sets of calculated spectra is that the noise term leads to a
broadening of the period-doubling features in Figure 20(c), consistent with the experimental data
of Figure 20(a). The noise would tend to obscure the identification of these peaks without our
detailed work to determine the dynamic and noise parameters of the laser diode. Broadening of
the relaxation oscillation side peaks is accompanied by a reduction in the height of the peaks.
Fully developed chaos is observed in the spectrum shown in Figure 20(e), where the broadening
in the calculated optical spectra is achieved without any stochastic sources present in

Equations 44 to 46.

Figure 21 depicts the numerically obtained bifurcation diagram of the values of the extrema of
the electric field amplitude versus the injection parameter § when the noise source terms are not
included. Both the initial bifurcation point and first period-doubling point occur at injection

- levels consistent with the experimental measurements. Only the initial instability region, first
period doubling region, and chaotic region exist over an experimentally distinguishable range of
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Figure 21. Numerically obtained bifurcation diagram of the extrema of the normalized
optical field amplitude, a(z), versus the normalized injection level, &, showing
the period-doubling route to chaos, Experimentally determined parameters of |
the laser are used in the calculation,

injection values because of the noise. One may view the effect of Spontaneous emission noise as
causing a fluctuating optical input. Part of its influence is, effectively, to rapidly move the laser
diode output to different injection levels on the bifurcation diagram.

It was also found that relatively minor chan ges in the linewidth enhancement factor can induce
large changes in the calculated bifurcation diagram and optical spectra. The numerical results
discussed above were obtained with a linewidth enhancement factor of b = 3.47, which is well
within the range of values 3 + 1 determined by the four-wave mixing experiment [Ref, 21]. We
have found that the laser would not develop into a chaotic state if b'< 3.1. The transition to
chaos can be used to narrow the uncertainty in b to 3.6 + 0.4.
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7.3 PERIOD-DOUBLING CASCADES AND CHAOS

In this section, experimental measurements and model calculations based on a single-mode
model are combined to give a consistent picture of a laser diode exhibiting a wide range of
nonlinear dynamical behavior. We show that a laser diode under optical injection at its free-
running frequency exhibits a region of chaotic dynamics that is bounded as a function of the
injection level, and that the laser diode follows a period-doubling route to chaos as the injection
level is varied from both above and below the chaotic region. Spontaneous emission into the
oscillating mode acts like an additional, fluctuating optical input which broadens and obscures
features of the period-doubling cascade. At high injection levels, a new, distinct period doubling
occurs. Further, we show that the resonance frequency induced by the coupling between the gain
medium and the oscillating field is strongly modified by the injected field. The reverse
bifurcation process from chaotic to periodic nonlinear dynamics with increasing optical injection
and the existence of a second, distinct period-doubling region have not, to the best of our
knowledge, been previously reported in laser diodes. Finally, the observed dynamics are related

to models of other systems exhibiting nonlinear dynamics.

We are specifically interested in the situation when the master laser is tuned to the frequenéy of
the free-running slave laser, 2 = 0. In this case there is no new modulation frequency imposed
on the coupled equations by the external source. The external field does couple the phase into
the amplitude equation, providing the third degree of freedom required for chaotic dynamics. A
linear stability analysis provides information about the resonant coupling between the carriers
and oscillating field. In Figure 22, the nonzero ei genfrequency of the coupled equations is
shown as a function of the injection parameter. The linear stability analysis predicts a bounded
region of unstable dynamics and a monotonically increasing resonance frequency as the injection

level is increased.

To understand the deterministic dynamics and gain global information about the system, the full
nonlinear coupled equations are first solved with the noise source terms set to zero. Figure 23
depicts the numerically obtained bifurcation diagram of the values of the extrema of the electric
field amplitude, a(z), versus the injection parameter . As the injection level is increased, the
steady state is destabilized and the relaxation f requency is undamped (Hopf bifurcation), in
agreement with the linear stability analysis. Further increasing the injection leads to a period-
doubling bifurcation route to chaos and then a similar, but reversed, bifurcation route out of the
chaotic region. To confirm the chaotic nature, the Lyapounov exponents, and the corresponding
Kaplan-Yorke dimension of the attractor have been calculated [Ref 42]. For &£ =0.03, the
Lyapounov exponents are A 1=0.01 %, A2 = 0.0, and A3 = -0.0] ¥ and the Kaplan-Yorke
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dimension is ~ 2.5. The positive Lyapounov exponent is a clear measure that the system is
chaotic in this parameter range. At even higher injection levels, the bifurcation diagram shows
that the laser undergoes a second period doubling. Finally, at the highest injection levels, the
laser diode restabilizes, consistent with the linear stability analysis.

Because the model parameters have been derived from a laser diode carefully characterized
using the four-wave mixing technique, we can make a direct, quantitative comparison between
experimental observation and the theoretical analysis. The model predictions in Figures 22

and 23 correspond to the slave laser operating at an output level of 9 mW, where J = 0.6 for the
laser under investigation. This is also the operating point for the data described next. The
dynamic parameters have been previously published [Refs. 21, 38] with a specific value of b = 4
used in the calculations for Figures 22 and 23.

We have previously reported how the laser follows the period-doubling route to chaos, consistent
with the bifurcation diagram in Figures 23 [Ref. 38]. Figure 24 shows six optical spectra of the
principal mode of the slave laser taken with the injection at the free-running frequency. The
frequency is relative to the free- -running frequency or, equivalently, the injection frequency. In
Figure 24(a), £ = 1.7 x 10-2, and the spectrum is dominated by narrow peaks separated by a
frequency spacing of f; = 2.9 GHz. These are typical features of highly unstable injection
locking [Ref. 41]. In addition, broad period-doubling features appear in the spectrum between
the narrow oscillation peaks [Ref. 38]. They are stronger at negative detunings, a reflection of
 the positive value of b. In Figure 24(b), § = 2.6 x 10-2, the spectrum becomes dominated by a
broad pedestal and many secondary peaks develop, all the energy is shared by them. At this
stage chaos has fully developed [Ref. 38] and continues through & = 5 x 10-2, Figure 24(c).
Within the region of chaotic dynamics, a fraction of the oscillating power (up to 35 percent) is
shifted from the principal oscillating mode into several of the weak side modes. Over a narrow
injection range, the broadened spectrum collapses again into an equally spaced set of narrow
features, as shown in Figure 24(d) where € =6 x 10-2, and the principal mode regains its full
power. Now, however, the separation of the peaks is of the order of 4 GHz and the spectrum
is much more strongly shifted to the negative components. At still higher injection levels,
Figure 24(e) where £ =8.5x 102, a new, clear period doubling is observed with a further
increase of the resonance frequency and relative stren gthening of the negative frequency
components. The strongest spectral feature is clearly frequency-shifted, frequency pushing
induced by the resonant injection. The period doubling peaks and the frequency shifts then
steadily decrease in magnitude up to & = .13, the largest value of injection that we were able to

measure, Figure 24(f). Just above this level the slave laser hopped to a new longitudinal mode.
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Comparison with the calculated bifurcation diagram in Figure 23 shows that the measured
spectra are reproduced in the model, though there is discrepancy between the injection levels
where the different types of spectra are calculated and observed. Further agreement is supplied
by a comparison of the observed and calculated resonance frequencies and onset of oscillatory

dynamics shown in Figure 22.

Spontaneous emission into the oscillating mode effectively acts as a second, random source term.
We have previously shown how the optical noise spectrum of the free-running semiconductor
laser is dominated by this noise and that, away from line center, it is due to both regenerative
amplification of the spontaneous emission and four-wave mixing between the spontaneous
emission and steady-state oscillating field [Ref. 40]. When both coherent injection and
spontaneous emission are present, there is, effectively, a time-varying injected field. This leads
to a blurring of the two period-doubling cascades. In the forward cascade, only the first period-
doubling is not obscured, and the new frequency components are severely broadened, as seen in
Figure 24(b) and described previously [Ref. 38]. The reverse cascade is completely obscured.
This effect can be recovered by including spontaneous emission noise sources in the amplitude

and phase equations.

A bounded region of chaotic dynamics and a second, distinct region of period-doubled dynamics
has not, to the best of our knowledge, been previously reported in a semiconductor laser. This
type of dynamics has been studied numerically in cubic maps and in the biharmonically driven
Duffing oscillator and is expected to occur in many dynamical systems with at least two control
parameters [Refs. 43, 44]. Alternating periodic and chaotic dynamics have been observed in
driven nonlinear R-L-diode circuits when the drive frequency is near-resonant to the circuit
resonance or one of its subharmonics [Refs. 45, 46, 47]. A region of chaotic dynamics bounded
by period-doubling cascades has been observed experimentally in a CO> laser with an externally
modulated loss [Ref. 48], and recently predicted for semiconductor lasers subject to external
optical injection [Ref. 49]. In the semiconductor laser subject to external optical injection, the
control parameters are the amplitude and frequency of the injected signal. Unlike in the Duffing
oscillator, electronic circuits, or the loss-modulated CO; laser, we introduce no external
modulation frequencies in the dynamical Equations 44 through 46 by using an external field as
our injection source which oscillates at the same frequency as the free-running slave laser. There
is, however, an effective detuning which is associated with the linewidth enhancement factor, b.
It represents an offset between the peak of the gain and the laser oscillation frequency [Refs. 10, -
12]. By appropriately detuning the injection frequency, or by varying the value of b, one can
observe completely different dynamics, including'stable injection locking at all injection levels
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[Refs. 37, 38, 41]. The external injection modifies the key resonance frequencies of the coupled
equations. We observe the strong modification of the carrier-field resonance frequency

describing the photon-carrier coupling.

7.4 DISCUSSION

The excellent qualitative and very good quantitative agreement between our experimental data
and the numerical calculations is very strong evidence that the single-mode model coupling the
complex oscillating field with the carrier density captures the important physics of a nearly
single-mode laser subject to external optical injection, at least up to the point of the observed
longitudinal mode hop. The model includes the dependence of the gain on both the carrier
density and circulating field intensity. Key rate parameters, and the strength of the spontaneous-
emission noise, can be determined in the weak injection limit, allowing the model calculations to
be based completely on experimentally determined data. By suppressing the noise in the model
calculations, we are able to see that when the laser diode is subject to resonant optical injection,
it shows dynamics similar to a variety of other systems. However, a novel feature is that these
dynamics are induced without introducing any new external modulation frequency in the coupled
equations. This point emphasizes the critical role of the linewidth enhancement factor, b, in
determining the nonlinear dynamics.

The nonlinear dynamics of a laser diode under external optical injection is sensitive to a variety
of laser parameters. Here, we have investigated optical injection at the free-running frequency of
the laser diode. Detuning the injection frequency will change the nonlinear dynamics and is
predicted to lead to different routés to chaos for lasers which can be modeled by the coupled
equations for the complex oscillating field and population inversion [Refs. 12, 34, 50]. In the
analysis, the effect of side modes was not included. The single-mode model used here cannot, of
course, account for the partition of power to the side modes and further work is needed to
quantify the effect of the side modes. The good agreement between the spectra calculated from
the single-mode model with noise and the experimental data indicates that the high frequency
dynamics of the system are not dominated by the presence of the side modes for these
experimental conditions.

There is still some uncertainty in the value of the linewidth-enhancement factor, b, though

the data from the ﬁonlinear dynamics regime reduces this to the same relative uncertainty,

* 10 percent, as the other parameters that were determined in the perturbation limit. We
achieved our best quantitative agreement between measurements and modeling of the period-
doubling route to chaos from low injection levels using b = 3.5, However, we did not observe
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the separate period-doubling bubble until b = 4. The larger value of b increased the range of
injection where chaos was observed, in better agreement with the data, but led to an onset of
chaos at lower injection levels than were observed experimentally. Further, even with the higher
b value, the separate period-doubling bubble did not cover the range of injection levels observed
experimentally. We did not perform a full check of the spectra over the possible range of
uncertainty of all of the parameters, including the uncertainty in the spontaneous-emission noise
level, of the model. We do not believe that the experimental accuracy of the data warrants
further tweaking of the parameters. Further, it is important to remember that we retain the
perturbation model of the gain. The full nonlinear dynamical model still incorporates a gain
parameter, g(N, §), that is a linear function of the carrier density modulations and the photon
density modulations with no cross term. This approximation may not be fully valid in the
strongly nonlinear regime. However, it is significant that the perturbation model can be used so
successfully. More complicated models involve the introduction of extra assumptions and extra
fitting parameters. While they would certainly be able to fit the data, the data probably could not
sufficiently distinguish between different models. Therefore, the use of more complicated
models is not warranted until there are more dramatic differences between the data and the model

predictions.
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8.0 DETUNED INJECTION IN THE STRONG SIGNAL REGIME

When the injection frequency is detuned from the free-running frequency in the strong injection
regime, a complicated mapping of laser dynamics is observed. Figure 25 shows the types of
behavior observed in the high injection regime. The dynamics observed at zero detuning
represent a cut in this two-dimensional mapping. For large regions of positive detuning, a
sizable fraction of the output power is shifted to other longitudinal modes. Complete mode hops
to other longitudinal modes can be induced. This behavior is beyond the scope of the single-
mode model. The dynamics represented by the optical spectra in the different regions of the
mapping can be qualitatively reproduced from the model equations.

The region of stable injection locking is of interest because w+ can again attempt to
quantitatively recover the observed dynamics using a perturbation analysis and use the observed
noise spectra as a test of the linearized model. For injection levels outside of the weak-injection
limit, the stable, injection-locked oscillating point is induced when the master laser is shifted in
frequency by £2, relative to the free-runnin g frequency. The phase is shifted by ¢;, relative to the

injection signal where:

—Q=na;(bcosp; —sing;) . _ ‘ 47)

The amplitude is shifted by Aga; and the carrier density by Nyr;, where

_2.7a1(1— }’p /’}’c)

N N2 “s
—-la,-cosd)]: y’ﬂﬁ]—&a] . 49)
- Ye 2y Ye
These equations are approximately valid for g; < 0.1 and (y,,ﬁ, /ysj) <0.1.
Using this steady-state op‘erating point, the new linearized equations can be written as
Cda_ Letn g (u+ Yp)a=Vé+ Frog /||, (50)

dr 2y.J
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Here, the noise terms induce fluctuations about the new injection-locked steady-state oscillating
point, U = (1/y:)a; cos ¢; and V = ( Y% )a; sin ¢;. When Fourier transformed, these equations

generally yield complicated solutions. However, a particularly simple solution is found for
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the case where ¢; = 0. In this case, the previous linear formulas, Equations 38 through 41, for
the spectra carry over to the strong injection-locked regime except for two substitutions:

2
Yr=%r+U and QF = ©; + (75 + ¥p)U.

The model makes interesting, and potentially useful, predictions about the injection-modified
modulation characteristics. Figure 26 shows the predicted changes in the amplitude noise
spectra, assuming strictly single-mode operation and only spontaneous emission into the lasing
mode as a noise source. The free-running spectrum is shown with the Spectra at two injection
levels. The relaxation resonance becomes broadened and eventually disappears as the diode
changes from underdamped to overdamped oscillations under the influence of the external field.
It is important to note that the optical frequency of the injection laser must shift with increasing
injection level to maintain the 6=0 operating point. Also, the noise power decreases
considerably, though the regenerative amplification and four-wave mixing signals from an
external source would be equally reduced. Overall, however, under stable injection locking in
the strong injection regime, the modulation characteristics are markedly improved. The wider
modulation bandwidth is achieved with a constant amplitude injection signal which can be from
a laser with very poor high-frequency performance characteristics.

Experimentally, we have observed more than an order of magnitude decrease in the amplitude of
the noise spectrum, relative to the free-running case. This is most clearly shown in the data from
the amplitude spectra. Figure 27 shows representative amplitude spectra in the vicinity of the
relaxation-resonance peak. They show the broadening of the resonance peaks and the decrease
in signal levels predicted by the model. The changes, hdweVer, do not quantitatively match the
predictions. At injection levels €2 0.1, the quantitative differences can be explained by the fact
that our master laser is not a purely monochromatic sine wave but has a noise spectrum of its
own. At high injection levels, this noise source dominates the internal spontaneous emission
noise and influences the observed amplitude spectra. At lower injection levels, there is still a
lack of quantitative agreement which cannot be explained by the master laser's noise spectrum.
‘Work is currently in progress to ascertain whether the observed noise level is consistent with the

full nonlinear equations.

The low frequency amplitude spectrum is influenced by the weak side modes. Under stable
injection locking in-the strong injection regime, the power in the side modes can be severely
reduced [Refs. 28, 29]; we observe this in the principal mode amplitude spectra at the lower
injection levels. At higher levels, the noise in the master laser again influences the spectra and
we do not see the side modes depleted to the extent observed by others [Refs. 28, 29]. When the
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Figure 26. Calculated changes in the amplitude noise spectra of a single-mode laser,
where the dominant noise source is spontaneous emission, due to stable _
injection locking by an external laser whose frequency is tuned so that ¢ = 0.
The three different injection levels are: squares - £ = 0, triangles - £ = .06,

ovals - £=0.2. (Calculations use the parameters for the quantum-well laser
diode operating at 9 mW.)
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Figure 27. Measured changes in the amplitude noise spectra in the vicinity of the free-
running relaxation-resonance peak due to stable injection locking by an -
external laser whose frequency is tuned so that the amplitude of the noise
spectra is minimized. The three different injection levels are: top - E=0,
middle - £ = 0.06, and bottom - £ = 0.2,

59




total output is monitored, we see some depletion in the lower frequency noise spectra, but not to
the extent that the principal mode noise is depleted. This is further corroboration that the excess
noise, relative to the spontaneous emission level, is due to side modes that are not perfectly
correlated with the principal mode. If the excess noise were due to carrier shot noise, its level
would not be reduced by the external injection to the extent that we observe. Imperfect
correlation between the principal mode and weak side modes, due to inhomogeneous gain
characteristics or mode dependent losses, would yield the noise spectra we observe. As with the
other spectra, the total output spectra show increased noise at high injection levels due to the
noise characteristics of the master laser. Further work is underway to quantify these
characteristics.
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9.0 VERTICAL-CAVITY SURFACE-EMITTING LASERS

Recently, a new type of laser structure has become the subject of considerable research interest,
the VCSEL. These lasers have a number of interesting properties relative to the conventional
edge-emitting laser diodes including surface-normal emission, a circular output beam, and ready
fabrication into two-dimensional arrays [Ref. 51]. In addition, these lasers can be fabricated with
dimensions approaching the wavelength of light emitted by the cavity, allowing novel physics to
be observed [Ref. 52]. We have initiated an investigation of VCSELS to see how well our
modeling and optical injection techniques work in the parametrization of these lasers. Here, we
are able to report only preliminary results on the spectral and polarization characteristics of these

novel structures.

The VCSEL under study is similar to devices previously described in the literature [Refs. 53,
54]. The device consists of GaAs/AlGaAs quantum wells embedded within a wavelength-thick
spacer region which is sandwiched between two highly reflective distributed Bragg reflectors.
The emission wavelength is ~ 850.1 nm. Due to the short cavity length (but relatively large
emitting surface) of these devices, the laser supported only one longitudinal mode but could
support multiple transverse modes [Ref. 53]. Further details are given in [Refs. 53, 54]. A |
distinct threshold below 4 mA is observed, as well as kinks in the output characteristic between
4 and 6 mA. At threshold, the output has a distinct linear polarization and a single transverse
mode output which appeared to be the TEMpp mode based on its single lobe spatial
characteristic. Above the kink near 6 mA, the laser oscillated in multiple longitudinal modes.
Between these two operating points two different modes of observation were observed at
different times during the 6-month period of the VCSEL operation. Initially, the laser
maintained the single mode operation and polarization direction up to the kink near 6 mA. Later,
however, the laser showed different behavior, oscillating in the orthogonal polarization direction
with a threshold just above 4 mA. The different operating polarization operating characteristics
were observed after the optical alignment had been changed. However, we have not been able to
determine the cause of the change in operation.

The orthogonal polarization components are shifted in frequency but appear to have the same
spatial characteristics. Figure 28 shows the frequency separation as a function of injection
current. The component that oscillated at the higher frequency had the lower threshold but the
lower frequency component eventually dominated the output. This is shown in Figure 29. Based
on the threshold characteristics, this higher threshold mode never appears in the single-
polarization case.
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Figure 28. The frequency spacing between the two orthogonally polarized modes as a

function of injection current, The higher frequency polarization component
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Figure 29. Relative output powers of the two polarization components, and single-
polarization operation, as a function of injection current, The triangles are the
data taken with the VCSEL in single-polarization operation. The ovals and
Squares are the data taken with the VCSEL in dual-polarization operation and
correspond to the low threshold and high threshold components, respectively.
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Figure 30 compares the linewidths of the lowest order spatial modes when measured with the
optical spectrum analyzer. Notice the much larger linewidth that accompanies the dual
polarization mode of operation. The total output power is similar in the one and two
polarization-component cases. The linewidth of the lowest order spatial mode reaches a
minimum in the single-polarization, single spatial-mode range of operating currents. However,
the linewidth under the single polarization, multitransverse mode operating condition is more
than an order of magnitude less than the dual-polarization linewidth.

The microwave power spectrum from the fast photodiode signal for one operating current, 5 mA,
is shown in Figure 31. The key point in this figure is that there is a resonance around 370 MHz
when only one polarization is monitored, there is essentially no resonance when both polariza-
tions are simultaneously monitored. The residual signal in the lower curve is due to slight
transmittance differences between the two polarizations as they propagate through the train of
optical components. The two polarizations are exhibiting antiphase dynamics, maintaining a
constant overall output power but switching between the two modes. The antiphase switching
resonance frequency changes with injection current, as shown in Figure 32. When the laser
operated in the single polarization operating condition, there was no resonance below 1 GHz.
For this operating point, all the microwave spectra exhibited a resonance in the neighborhood of
4.6 GHz that appeared to be the relaxation resonance. The relaxation resonances could be
identified by their characteristic dependence on the injection current, as shown in Figure 33. The
resonance frequency approximately shows the expected linear relation with the square of the
pump parameter. At higher injection currents (when the laser operated under one dominant
polarization but in multiple transverse modes) the laser éxhibited no resonances except the high-
frequency relaxation resonance. The laser exhibits very different dynamics depending on the
polarization characteristics. The higher order transverse modes do not exhibit the strong
antiphase dynamics but operate simultaneously with the lower order modes

Due to difficulties in achieving an overlap of frequencies between master and slave lasers, and
simultaneously detecting sufficient signal, we were unable to quantitatively measure the optical
injection spectrum in this laser. Very preliminary measurements supported the identification of
the high-frequency resonance in the microwave spectrum with the relaxation resonance.
Measurements in the single-polarization, single spatial-mode operating condition show,
qualitatively, the kind of regenerative-amplification and four-wave mixing characteristics
previously observed. However, we were unable to make quantitative measurements because it
was not clear that our injection signals were in the small-signal regime. The injection laser could-
induce unstable dynamics. No measurements were made of the dual-polarization operating
condition because the master laser catastrophically failed during the experiment.
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Figure 30 . The linewidths of the lowest order spatial modes as a function of injection
current. The triangles are the data taken with the VCSEL in single-
polarization operation. The ovals and squares are the data taken with the
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Figure 31. The low frequency microwave spectra of the output of the VCSEL when
detected by a fast photodiode. The upper curve shows the spectrum when the
polarization passed to the detector is along one of the two orthogonal polariza-
tion components. The other component gives an essentially identical curve.
The lower curve is the Spectrum when the polarization passed to the detector
is 45 deg. between the two principal axes. The resonance at 370 MHz is not
evident when the single polarization mode is operating. The sharp spikes at
400 and 900 MHz, and the ripples with ~ 50-MHz periods, are experimental
artifacts.
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Figure 33. The dependence of the resonance peaks observed in the microwave spectra,
regardless of polarization mode of operation, as a function of the injection
current. The output power is approximately proportional to the operating
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The VCSELSs have been the subject of many papers in the literature. Dynamic characteristics of
a free-running InGaAs quantum-well VCSEL [Ref. 55] are similar to the results presented here
and have been modeled using standard single-mode laser diode models similar to the one
described in this report. Instabilities in VCSELSs under external optical injection [Ref. 56] and
due to external optical feedback [Ref. 54] have been observed and also modeled using
conventional laser diode models. However, this past modeling has always estimated basic laser
parameters without determining the key rate parameters in the self-consistent fashion that we
describe in this work. Multitransverse mode characteristics [Ref. 53] and polarization
characteristics [Ref. 51, 57] described in the literature mention characteristics similar to those we
observe. Polarization characteristics are correlated with the overlap of the optical resonance of
the cavity and the laser gain of the different polarization states [Ref. 57]. More work is
necessary, especially in the region of nonlinear dynamics, to fully characterize these structures.
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10.0 CONCLUSIONS

The single-mode coupled-equation dynamical model of a semiconductor laser is an excellent tool
for describing the operating characteristics of a nearly single-mode, quantum-well laser diode.
Excellent quantitative agreement between the model and experimental data is observed. Both the
noise spectra of the free-running laser and the spectra under external optical injection are well-
described by the model. The effects of weak side modes on the noise spectrum can be included
by the simple addition of an appropriate noise source to the carrier equation. We have shown
how our combined modeling and experimental technique allows us to experimentally determine
all of the parameters necessary for full, nonlinear numerical calculations with the model.

The nonlinear dynamics of a laser diode under external optic'. injection is sensitive to a variety
of laser parameters. To date, we have demonstrated the existence of a region of chaotic
dynamics bounded by period-doubling cascades, and a second region of period doubling, for
optical injection at the free-running frequency of the laser diode. Detuning the injection
frequency changes the nonlinear dynamics, as we have observed, and is predicted to lead to
different routes to chaos [Refs. 12, 34, 50]. In our analysis, the complete influence of the side
modes was not included. The single-mode model used here cannot account for the partitioh of
power to side modes; further work is needed to quantify the effect of the side-modes.

Many areas for future work are opened by this research work. Two areas deserve special
consideration. The first area is the modification of the modulation and bandwidth characteristics
through the nonlinear optical interaction. Understanding this physics is crucial if we are to be
able to make predictions about how optical injection can improve the dynamic performance
characteristics of laser diodes. Laser diodes are expected to find many applications in optical
communications and signal processing systems where their bandwidth and noise properties must
be improved relative to currently available structures. In addition, their sensitivity to the effects
of spurious optical feedback must be controlled. Our experimental results indicate that the
bandwidth and noise characteristics can be si gnificantly improved through the nonlinear optical
coupling of an external signal. Recent theoretical work also indicates that chaotic dynamics can
be brought under control by the introduction of a control parameter such as external optical
injection [Refs. 58, 59].

The second key area is the extension of the current model to multimode structures such as

coupled arrays and broad area emitters. To date, our results have been confined to laser diodes
where the side modes can be modeled as a weak pertu;bation. Because of their small size and
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good efficiency, laser diodes which can deliver high power are of great interest. Such structures
will, most likely, have the ability to Support many propagating modes which will be mutually
coupled. In the coupled-mode formalism, each mode acts as an external source to all of the
others. If the coupling between modes is too weak, spontaneous emission noise will prevent the
coherent locking of the participating modes and greatly reduce the maximum achievable
brightness. If the coupling between modes is too strong, the modes are locked in an unstable or
even chaotic manner and, again, ideal output cannot be achieved [Refs. 60, 61]. However, with
an external optical signal also coupled into the modes, it may be possible to sufficiently influence
the multimode dynamics to produce a useful, coherent output.

Understanding the underlying physics of the nonlinear optics and dynamics in semiconductor
lasers in these two key areas requires extensions in both our experimental and analytical/
modeling work. In the experimental program, we will have to investigate new types of laser
diode structures. Further work on VCSELs is warranted. Spontaneous emission noise is a much
stronger influence in these structures, Along with further studies of more conventional edge-
emitting structures, studies of VCSELs will help determine how optical injection can modify the
noise and modulation/bandwidth characteristics of laser diodes. A second semiconductor laser
which can be usefully studied is the broad area edge emitter or similarly, the closely coupled
linear array. These are the two structures that have been emphasized to increase the output
power of individual laser diodes to powers well in excess of 1 W. Both types are examples of
multiple transverse-mode laser diodes with strongly coupled modes. In addition, unlike the case
of a multimode VCSEL, or multiple longitudinal mode, single transverse-mode edge emitter,
these lasers have modes which oscillate at closely spaced natural frequencies. This has an impaét
on the modeling because the carrier dynamics become sensitive to the intermode beat
frequencies.

The coordinated experimental and modeling efforts have been very successful in the current
program. This work has established the coupled-equation formalism as appropriate for
qQuantitative, as well as qualitative, modeling of semiconductor laser devices. It has also shown
the link between spontaneous-emission noise and nonlinear optical coupling. Understanding the
noise and .our-wave mixing interactions has allowed us to model the full nonlinear dynamics of
a laser diode under external optical injection. This work provides a firm foundation for further
studies of nonlinear dynamics and nonlinear optical coupling in semiconductor lasers,
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